Available online at www.sciencedirect.com 


science (pincer: RESOURCES 
POLICY 


www.elsevier.com/locate/resourpol 


ELSEVIER Resources Policy 30 (2006) 259-284 


Long-term projections of non-fuel minerals: We were wrong, but why? 


Ira Sohn 


Department of Economics and Finance, Montclair State University, Upper Montclair, NJ 07043, USA 


Received 24 April 2005; received in revised form 20 December 2005; accepted 9 March 2006 


Abstract 


This article revisits global projections made in 1981 of eight metallic and fertilizer minerals for the year 2000. The principal objectives of the 
present study are to quantify the differences between the projected and observed levels of consumption for the year 2000 for eight of the 26 non- 
fuel minerals covered in the earlier study, and, then, to attempt to attribute these (often) large differences to the major determinants of minerals 
demand: income, technological, regulatory and other public policy changes, and changes in the recycling rates of the metallic minerals. The eight 
minerals are: aluminum, copper, iron, mercury, nickel, phosphate rock, potash and tin. 

This follow-up study begins with a discussion of the need for long-term projections of minerals. This section also includes a summary of the 
major determinants of the long-term demand for, and supply of, minerals, and a review of some of the earlier assessments of mineral needs and 
availability. 

Section 3 of the article begins with a short summary of the World Input-Output Model, the main methodological tool used in the earlier study 
that was developed by Prof. Wassily Leontief, the 1973 Nobel laureate in economics, and the way in which non-fuel minerals were represented in 
that system. This section also provides a summary of other global modeling efforts of non-fuel minerals that were carried out at a similar point in 
time for a similar interval. 

Section 4 presents the actual population, GDP and per capita GDP changes over the 1970-2000 time interval compared with the projected rates 
for these important determinants of mineral use, along with the projected and observed growth rates of minerals consumption for the eight non- 
fuel minerals included in this study. When the projections are compared to the observed global consumption rates for the year 2000, the 
differences range from +43% for nickel to +229% for potash. 

Section 5 discusses the apparent reasons for the differences between the projected and observed global consumption rates of these non-fuel 
minerals that include differences in the growth of GDP and GDP per capita, changes in recycling rates (for the metallic minerals), technological 
change, and regulatory or other public policy changes that have affected mineral use over the 30-year-interval ending in 2000. 

In light of the data and analysis presented in Sections 4 and 5, the article concludes with some remarks, made almost a quarter of a century ago, 
by Prof. Leontief on the need and justification for long-term projections. 
© 2006 Elsevier Ltd. All rights reserved. 
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Introduction growth and technological change over the time frame of the 
projections. In addition to changes in the standard of living, i.e. 
changes in per capita income, as a result of the experience with the 


“Predictions are hard to make, especially about the future.” long-term projections that are reported below, changes in 
(Alternatively attributed to Nobel physicist Niels Bohr and __ recycling rates (for metallic minerals) and regulatory changes 
former New York Yankees catcher Yogi Berra) in response to environmental, health, and other public policy 


concerns have also impacted minerals use over the last 25 years. 

This article revisits global projections of non-fuel minerals | The primary objective of this study is to explain—or try to 
made more than a quarter of a century ago. As such, the projected explain—the often (very) large differences recorded between 
long-term future levels of minerals consumption is critically global projections made over a quarter-of-a-century ago of a 


dependent on assumptions regarding population and income selected number of non-fuel minerals and the observed rates of 
consumption of these minerals for the year 2000. To that end, this 


study provides an overview of the changing patterns of 
production and consumption of these eight non-fuel minerals 
0301-4207/$ - see front matter © 2006 Elsevier Ltd. All rights reserved. (six metallic and two fertilizer minerals) over a 30-year-period of 
doi:10.1016/j.resourpol.2006.03.002 time (1970-2000). Allowing for normal reporting and revision 
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lags, ‘observed’ production and consumption levels for the year 
2000 are now available (USGS, 2002; World Bureau of Metal 
Statistics, 2002). “Technical Notes’, after the conclusions, 
describe the major data and other problems encountered in this 
follow-up study. 

Section 2 makes the case for the need for long-term 
projections of minerals consumption and production, high- 
lights the principal long-term determinants of the demand for, 
and supply of, mineral resources, and surveys some of the 
earlier assessments of mineral requirements versus their 
availability. Section 3 describes the methodological frame- 
work—the World Input-Output Model—that was used in the 
early 1980s for the year 2000 projections, and then compares 
this model’s projections with the projections of other 
individuals and institutions for the year 2000 for selected 
minerals. Section 4 presents various figures and tables—on 
both a global and regional level—that provide a detailed 
picture of the changing patterns of minerals consumption and 
production, and highlights, in some cases, the astonishingly 
large differences between the projected and observed rates of 
consumption and production for the year 2000 for the eight 
minerals that were selected from the 26 minerals discussed in 
Section 3. Section 5 provides an analysis of these differences 
and attempts to explain the differences between the observed 
and the projected rates using the various determinants of 
minerals demand presented in Section 2. The article concludes 
with some remarks directed to those who are engaged in the 
highly speculative science (art?) of long-term projections in 
light of the experiences described in Section 2. 


The need for long-term projections of minerals 


“When making projections, give a number or a date, 
but never both.” 
(An anonymous economist) 


The highly speculative science (art?) of projecting long- 
term minerals requirements, i.e. 30-50 years into the future, is 
critical to insuring that adequate mine, smelter and refinery 
capacities—not to mention the ancillary transportation and 
energy infrastructure—are in place to meet the changing global 
demand and supply patterns for minerals in light of the long 
lead-times needed to bring new productive capacity on line. 
These lead-times have certainly increased over the last quarter- 
of-a-century due, in part, to a more burdensome regulatory 
landscape in the United States and abroad. Consequently, in 
order to assess the future demand for, and supply of, minerals 
for the global economy, it is important to highlight the 
principal determinants of long-term demand and supply, with a 
view towards identifying the prospective changes in these 
determinants over the horizon of the projections. 

It is also clear that the consequences of the projections— 
based on changes in the principal determinants of demand and 
supply—may trigger heated debate concerning the available 
public policy options towards minerals use and future 
development of new capacity in light of issues regarding 


minerals security, national security, and environmental 
concerns as is occurring in the current debate over energy 
policy in the US and in other major energy-consuming and - 
producing countries. 


Principal determinants of long-term demand 


The demand for minerals and metals—as opposed to the 
demand for conventional goods and services—is referred to as 
‘derived demand’, that is, we, as consumers, demand metals 
only indirectly through our patterns and levels of consumption 
of goods and services. The main determinants of long-term 
demand include the population level and its growth rate over 
time, and the level of income and its growth rate over time. 
This is the essence of Wilfred Malenbaum’s well-known 
‘intensity-of-use’ hypothesis (Malenbaum, 1978). 

The other two major determinants of metals demand are the 
extensions to Malenbaum’s ‘crude’ measure developed by 
Radetzki and Tilton (1990) that incorporate the changing mix 
of goods and services produced in the economy and the 
evolving mix of raw materials used in each product or service, 
which is equivalent to changes in consumption patterns and 
changes in production techniques (either because of substi- 
tution of inputs and/or more efficient use of minerals, i.e. using 
less of existing inputs). Both Malenbaum’s measure and the 
recent refinements and extensions to it are briefly summarized 
at the beginning of Section 5. 

As will be observed below, long-term demand for metals 
can also be profoundly affected by safety, health, and 
environmental concerns that are associated with certain 
minerals, for example, the extreme toxicity of mercury, 
which can damage the nervous system, especially in fetuses 
and infants (Krugman, 2004). 


Principal determinants of long-term supply 


Besides having a sufficiently abundant and accessible physical 
endowment of minerals to warrant exploitation at current market 
prices, the principal determinants of minerals supply are related to 
cost, technology, political, economic and financial liberalization, 
and improved risk management instruments. For example, over 
the last 25 years, powerful advances in exploration techniques in 
the mining sector, such as remote sensing imagery, have located 
new (and remote) major deposits in Western Australia and 
Northwest Canada. Advances in mining machinery such as 
Caterpillar’s $2 million, 300-ton payload capacity mining dump- 
truck introduced in 2005, and the vast productivity improvements 
that are the result of economies of scale, new work practices, the 
extensive use of computers, more effective chemicals and 
reagents, and better use of explosives in the mines, are other 
examples of cost reductions, largely due to technological 
advances. 

On the other hand, more stringent (and costly) environmental 
codes have led to the closure of some mining and processing 
activities over the last 25 years—particularly in the developed 
countries—because current and prospective future prices of these 
minerals were assessed to be too low to meet profitability targets. 
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In addition, unprecedented political, economic and financial 
liberalization—particularly in some developing countries—have 
brought new resources into development and have opened up new 
sites for minerals processing. Over the last 3 decades, we have 
witnessed a gradual (and ongoing) reduction of tariffs, quotas, 
export restraints and subsidies, extensive privatization and 
deregulation programs, less burdensome tax regimes, improve- 
ments in national legal frameworks (including better protection of 
property rights that is so critical in the mining sector) and an 
improved environment for foreign investment that is so important 
for assuring adequate, affordable, and reliable long-term supplies 
of mineral resources. All of these powerful changes have 
contributed to ‘new entry’, which unleashes competitive forces 
in the industry promoting the efficiency and innovation that bring 
prices more into line with the costs of production. 

Furthermore, financial liberalization of exchange-rate 
regimes, more open capital accounts, stronger banking 
systems, and greater consolidation in the industry have created 
more efficient operations that are better able to weather the 
commodity price cycles that are so much a part of the minerals 
sector. Also, the introduction of financial market innovations 
(including sophisticated derivative products such as options, 
futures and swap instruments) in both developed and 
developing countries over the last quarter-century have 
provided mining and minerals-processing companies with 
additional opportunities to improve their risk management 
systems and to raise project finance, both of which have 
affected regional and global patterns of minerals supply. 


Table 1 
Resource scarcity: comparing the reserve and resource base of 2000 with 1980 


Decisions regarding bringing new mining capacity into 
production would also depend, in part, on current and 
prospective recycling rates of metals. Depending on both 
technical aspects and economic considerations, recycling rates 
can vary significantly from metal to metal and from decade to 
decade. For example, Table 10, which appears in Section 5, 
provides an overview of the range of recycling rates for the six 
metallic minerals examined in this article for 1970 and 2000, 
along with the currently ‘observed’ changes in recycling rates 
since the 1970s for the six metals. (More about this later.) 


Potential long-term scarcities 


Almost all minerals economists would agree that there is 
virtually no ‘near term’ scarcity of minerals, i.e. over the next 
30-40 years, from resource depletion. This is the case because 
of the benefits conferred by technology in ‘replenishing’ the 
world’s minerals reserve base on the one hand, and the ability 
of materials scientists to develop, over time, substitute minerals 
or composite materials for metals perceived as either having 
potential scarcity—usually manifested by higher prices over an 
extended period of time—or other undesirable characteristics 
such as public health concerns as in the case of mercury and 
lead. If anything, the real price of most minerals has declined 
over the last several decades, which is hardly a sign of growing 
resource scarcity (USGS, 1999; Brown and Wolk, 2000). 

Table | presents the evolution of global mineral scarcity for 
the eight minerals in this study. The data in columns (1), (2) 


Mineral (unit) Output Level Reserves" (2003) Reserve Years to exhaustion at 2000 Years to exaustion at 1979 
(2000) base? (2003) production levels® production levels¢ 
Reserves Reserve base Reserves Reserves” 
(1) (2) (3) (4) (5) (6) (7) 
Bauxite (Mt) (dry tons) 136.00 23,000.00 33,000.00 169.12 242.65 287.6 489.4 
Copper (Mt) (metal content) 13.20 470.00 940.00 35.61 71.21 49.9 164.3 
Iron (Mt) (metal content) 588.00 70,000.00 150,000.00 119.05 255.10 153.2 322.9 
Mercury (kton)"® (mental 1.35 120.00 240.00 88.89 177.78 20.99 78.45 
content) (USGS) 
Mercury (kton)"* (mental 3.32 120.00 240.00 36.14 72.29 - - 
content) (WMS) 
Nickel (kton) (metal content) 1270.00 62,000.00 140,000.00 48.82 110.24 70.2 266.6 
Phos.Rock (Mt) (gross weight) 132.00 18,000.00 50,000.00 136.36 378.79 271 1017.30 
Postash (Mt) (potassium oxide 27.60 8300.00 17,000.00 300.72 615.94 272.46 4326.30 
equivalent) 
Tin (kton)' (metal content) 278.00 6100.00 11,000.00 21.94 39.57 36.36 134.5 


Sources: Leontief et al. (1983), USGS, Minerals Yearbook (2002), WBMS (2002) and USGS, Mineral Commodity Summaries (2004). 


* Resources that are currently economic. 


> Includes reserves (see note a, above), marginal reserves (i.e. they border on being economically producible), and some currently sub-economic resources 
(resources that do not currently meet the economic criteria of reserves and marginal reserves). 

© The entries in columns (4) and (5) are the ratios of 2003 reserves and the reserve base to 2000 production levels, respectively. 

* The entries in columns (6) and (7) are the ratios of 1980 reserves and the reserve base to 1979 production levels, respectively, as published in Leontief et al. 


(1983, pp. 174-175). 


° Resources: A concentration of naturally occurring materials in such form that economic extraction of a commodity is currently or potentially feasible. 
* For both mercury and tin in the World Model Study, global reserves were projected to be exhausted by 2030. Even without new deposits, higher prices and/or 
improved technology, due to lower income growth and the two-decade trend of declining use of mercury because of environmental considerations, the 2030 


exhaustion date for mercury is likely to be extended. 


© Because of the large discrepancy in the USGS and WMS production levels for 2000, both figures are presented. 
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and (3) represent the 2000 global output levels, stock of 
reserves and the reserve base in 2003, respectively (USGS, 
2004). Columns (4) and (5) represent the number of years it 
would take to exhaust the current reported global stock of 
reserves and the reserve base of these minerals at the 
production levels of 2000. Columns (6) and (7) provide similar 
information for 1980 reserves and resources of these eight 
minerals using the production levels in the year 1979 (Leontief 
et al., 1983). It is important to note that the numbers in columns 
(2), (3), (6) and (7) were highly influenced by the prevailing 
market prices at the time. In general, mineral prices, in real 
terms, were considerably higher in 1980 than in 2000, despite 
the increase in prices since mid-2002. Only copper, mercury 
and tin exhibit any potential medium-term prospects for 
reserve exhaustion. However, the consumption trends for 
both mercury and tin (USGS, 2003) appear to reduce 
considerably the probability of reserve exhaustion any time 
over the next 30 years. 


Long-lead time to add capacity 


Another reason policy-makers need to be concerned with 
‘medium-term’ projections of resource adequacy is due to the 
relatively long-lead time required to bring new mining, 
smelting and refining capacity on stream. Along with the 
benefits that technology confers in identifying and quantifying 
new mineral deposits comes the often formidable task of 
evaluating whether the deposit is ‘economic’ at prevailing 
minerals prices. Many newly identified deposits are located in 
remote areas and inhospitable environments that require costly 
new infrastructure if the deposit is to be exploited economi- 
cally. This could include the construction of power plants, 
pipelines, roads, railroad spurs, and permanent (or, at least, 
temporary) housing, along with modern living amenities. In 
addition, at the beginning of the 21st century, it is virtually 
certain that any new development of a substantial mineral 
deposit (and its related infrastructure) would require an 
extensive and comprehensive environmental impact study to 
assess the proposed project’s likely impact on the land, water 
and air quality of the surrounding area. Also adding to the long- 
lead time is the need to secure the ever-increasing financing 
requirements for the project either from a syndicate of 
commercial banks, the capital markets, or partial financing 
from multi-lateral lending institutions such as the World Bank. 
Therefore, because of these logistical, environmental and 
financial considerations long—and increasing—lead times are 
required to bring new mineral capacity on-stream to meet the 
future global demand for mineral resources. 


Earlier assessments of mineral needs and availability 


Before describing the model—along with the principal 
assumptions on which the projections were based—it would be 
useful to provide a brief overview of some of the earlier attempts 
to asses long-term minerals demand in the US and the world. 

In the US, in the aftermath of World War II and the passage 
of the 1946 Strategic and Critical Materials Stock Piling Act, 


the Paley Commission (1952) prepared its historic report, 
Resources for Freedom, which made the following 
recommendations: 


1. Statistics on the relation of the supply of materials to the 
demand should be carefully maintained and closely 
watched. 

2. Resource conservation and development should be encour- 
aged, with emphasis on new materials technology in 
substituting materials. 

3. A non-governmental institution should be established to 
monitor the state of minerals supply and demand. 

4. A new governmental institution close to the President 
should be established to formulate and direct national 
materials policy. 


Only in the late 1960s, when environmental quality emerged 
as a national issue, were the minerals sectors judged in terms 
other than for their military importance. The National 
Commission of Materials Policy (NCMP), established in 
1971, was formed on the recommendation of the ad hoc 
committee organized in 1969 by Senator J.C. Boggs. Its report, 
issued in 1973, called attention to: 


“the need for an adequate supply of industrial materials for 
peace or war, the need to practice frugality in the light of 
growing world demands for these minerals, the need to 
satisfy ever-more-demanding requirements for improved 
properties of materials, and the need to manage materials so 
as to preserve a benign and unpolluted environment” 
(Huddle, 1976). 


In December 1976, the (Temporary) National Commission 
on Supplies and Shortages (1977) recommended: 


“the design of a tool or mechanism that would help to 
mitigate or prevent any future perceived crisis. The issue 
seemed no longer to be a decision between a free-market 
and a planned-economy approach in forging a minerals 
policy. The new objective was rather to design a coordinated 
economic information system that could collect, process, 
and analyze information. In turn, policy makers would use 
this information to define possible solutions for the 
anticipated problems before they arose.” 


With concerns mounting in Congress about import 
dependence on such strategic minerals such as cobalt, 
manganese, chromium, platinum, and bauxite—not to mention 
oil—the National Materials and Minerals Policy, Research and 
Development Act of 1980 was passed. This act: 


“reiterates the intent of a law passed ten years earlier, which 
basically tells the government to organize a materials policy 
and encourage private enterprise... Now, moves are afoot to 
replenish the country’s strategic materials stockpile, 
revitalize mining and inject minerals consideration into 
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every conceivably relevant aspect of domestic and foreign 
policy” (Holder, 1981). 


The first comprehensive, long-term overview of US 
resource requirements and availabilities, Resources in Amer- 
ica’s Future (Landsberg et al., 1963), was completed over 40 
years ago. The study 


“not only considered alternative projections of the nation’s 
vital statistics and the component parts of the GNP accounts to 
2000, but also implicitly incorporated specific assumptions 
about technological change in the food, clothing, construction, 
transportation, packaging, paper products, and energy sectors. 
These assumptions were the bases of projections of land, 
lumber, water, chemical, minerals (fuel and nonfuel), and 
labor requirements that would satisfy the alternative projected 
GNP levels assumed in the study. The study also compared the 
projected resource requirements with the 1960 US resource 
base and, where necessary, the world resource base of specific 
minerals in 1960. 

The wide range spanned by the high- and low-consumption 
estimates can be explained by varying rates of economic 
growth and technological change between 1960 and 2000. The 
authors’ 20-year projections have much less variation between 
high and low estimates. Despite the high rates of economic 
growth registered through the 1960s and most of the 1970s, the 
US economy has become more efficient in its use of the major 
primary metals. Almost without exception, the low estimates 
for 1980 projected by Landsberg and others were closest to the 
actual 1979 levels of consumption” (Leontief et al., 1983, 


p. 13). 


Their projections, the actual figures for 1979, and the 
apparent consumption data for 2000 are reproduced in Table 2. 

A little more than 30 years ago, Aurelio Peccei, founder of 
the Club of Rome, 


Table 2 
US consumption of selected metals for 1960, 1979, 2000 and projections for 
1980 and 2000 (Mton) 


Metal 1960 1980 2000 1979 2000 


actual apparent 
Tron and 72 L 76 89 88 120 
steel M 121 194 
H 176 378 
Alumi- 1.6 L 3.4 6.6 4.8 75 
num M 5.6 14.7 
H 10.1 31.1 
Copper 1.8 L 2.2 2.8 1.8 3.1 
M 3.6 6.8 
H 5.2 14 
Zinc 0.9 L 1.2 1.7 0.9 1.6” 
M 1.8 3.4 
H 2.7 7.2 
Lead 1 L 1 1.1 0.7 7. 
M 15 2.3 
H 2.2 4.9 


Note: 1. L: low projection, M: medium, and H: high. 2. All forms. Sources: 
Landsberg et al. (1963), US Bureau of Mines (1981), and USGS (2004). 


“went on record as being “perplexed and worried by the 
orderless, torrential character of (the) precipitous human 
progress’ during the 20th century. Because the world’s 
problems were global and therefore, interconnected, a study 
was commissioned to quantify the interrelated current and 
future problems of mankind—problems of rapid population 
growth, resource depletion, pollution, and hunger. Whether or 
not the conclusions of the various reports (Forrester, 1971; 
Leontief et al., 1977; Meadows et al., 1972) issued in response 
are accurate, the work by Forrester (1971) and Meadows 
(1972) provided a quantum leap forward in the conception of 
the domain and timeframe of systems models. 

For the first time, these key macrovariables—population, 
capital, resources, pollution, and food—were simultaneously 
modeled on a global scale, over decades, in an internally 
consistent way. Although subsequent models have taken issue 
with the functional relationships connecting the variables as 
well as the initial assumptions, these early studies seem to have 
achieved one of Peccei’s (1977) main objectives—‘to promote 
and disseminate a more secure in-depth understanding of 
mankind’s predicament’. A plethora of world models were 
constructed in the wake of the Club of Rome Report. However, 
as far as the projections of future resource requirements are 
concemed, the model’s aggregative treatment of minerals 
does not lend itself to analysis of such issues as resource 
depletion, substitution, import dependence, or recycling” 
(Leontief et al., 1983, p. 14). 


Modeling the resource sectors: The world input-output 
model and other modeling efforts 


“When, in 1964, President Johnson was presented with a 
range of forecasts of economic growth for the US economy 
by his economic team, Johnson said, ‘ranges are for cattle, 


give me a number’. 
(Daniel McFadden, 2000 Nobel laureate in economics) 


The United Nations world input-output model 


Simultaneously with the recognition of the increasingly 
adverse environmental effects caused by worldwide indus- 
trialization—the result, in part, of the increased use of fuel, 
non-fuel, and water-based resources—and a major oil crisis 
in the early 1970s, the United Nations voiced its concerns 
regarding the growing gap in income, i.e. the standard of 
living, between the poor, less-developed countries of the 
world and the richer, highly industrialized ones. As a result, 
in 1973 the United Nations commissioned the construction 
of a general-purpose model of the world economy that 
would be able 


“to investigate the interrelationships between future 
economic growth and prospective economic issues, includ- 
ing questions on the availability of natural resources, the 
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degree of pollution associated with the production of goods 
and services, and the economic impact of abatement 
policies. One question specifically asked by the study was 
whether the existing and other development targets were 
consistent with the availability and geographic distribution 
of resources” (Leontief et al., 1977). 


In hindsight, writing at the beginning of 2005—almost 30 
years later—this modeling effort should still be recognized as 
an intellectual ‘tour de force’. As far as the minerals sectors 
were concerned, the model—which was constructed by a team 
of economists and computer programmers under the leadership 
of Prof. Wassily Leontief, who was awarded the 1973 Nobel 
Memorial Prize in Economic Science—tracked three fuel 
minerals—oil, natural gas, and coal—and six metallic 
minerals—aluminum, copper, iron, lead, nickel, and zinc—in 
addition to some 30 other agricultural, manufacturing, and 
service sectors, as well as eight types of major pollutants, and 
five pollution abatement activities. 

Economic activity was regionalized—the countries of the 
world were (originally) aggregated into 15 regional blocks— 
but were unified by export and import flows of goods and 
services, capital flows, aid transfers, and ‘cross border’ 
payments of interest on borrowed capital. (See Table Al for 
the country aggregation scheme used in this study.) 

Once assembled, the model was designed to provide 
quantitative projections of regional and global resource 
requirements, pollution levels, cumulative resource use, 
required inter-regional financial flows, etc. under varying 
assumptions regarding future income growth in the developed 
and developing countries with a view towards narrowing the 
income gap between the two groups of countries from 12:1 (in 
1970) to 7:1 (by the year 2000) in accordance with the goal of 
UN General Assembly resolution 3201 (S-VI) of May 1, 1974 
on the Establishment of a New International Economic Order. 


Resource concerns in the 1970s 


With the decade-long spike in commodity prices during the 
1970s (USGS, 1999; Brownand Wolk, 2000)—-signaling potential 
temporary shortages—a number of studies appeared concerning 
long-term projections of US and global mineral requirements and 
resource adequacy (Fischman, 1980; Malenbaum, 1978; Ridker 
and Watson, 1980; Smith, 1979; Tilton, 1977). These studies 
supplemented the comprehensive work of the then principal US 
agency for tracking minerals—including data collection, analysis 
and projections—the US Bureau of Mines.’ 


"In early 1996, the US Bureau of Mines was closed. Many of its functions 
were discontinued. Some programs were transferred to other agencies, most 
notably minerals information activities to the Department of the Interior’s US 
Geological Survey, health and safety research to NIOSH (after an interim 
transfer to the Department of Energy), and several smaller programs to the 
Bureau of Land Management, the Department of Energy, and the Office of 
Surface Mining Reclamation and Enforcement. Readers are referred to Murphy 
(1997), for an update on the continuing functions of the former US Bureau of 
Mines. 


In 1977, with financial support from the US National 
Science Foundation (along with supplementary funding from 
the US Bureau of Mines), a team of investigators, again led by 
Professor Leontief, began a detailed study of the future demand 
for, and supply of, 26 non-fuel minerals for the US and world 
economy, embedding 20 ‘new’ minerals into the recently 
completed World Input-Output Model. One of the principal 
issues examined in this study was the adequacy of these critical 
resources to meet national and global requirements to the year 
2000 and beyond. The 26 minerals included in this study were: 
aluminum, copper, lead, gold, silver, platinum, iron, nickel, 
manganese, chromium, silicon, tungsten, molybdenum, 
vanadium, titanium, zinc, magnesium, tin, mercury, potash, 
phosphate rock, sulfur, fluorine, chlorine, soda ash, and boron 
(Leontief et al., 1983). 


A digression: modeling US production and consumption 
of 26 non-fuel minerals 


Before incorporating the additional 20 ‘new’ non-fuel 
minerals into the World Input-Output Model, a specially 
constructed model (called IEA/USMIN) representing the above 
26 non-fuel minerals was designed to provide much more detail 
in the resource-consuming sectors than was permitted by the 
World Model, and also to consider a greater array of alternative 
scenarios—that is, alternative sets of assumptions—that could 
have an impact on US minerals production and consumption to 
the year 2000. For example, as was mentioned above, the future 
levels of non-fuel minerals production and consumption are 
affected by prospective changes in the level and composition of 
GDP, materials substitution resulting from technological 
change, changes in recycling rates, and changes in the degree 
of import dependence. Many alternatives scenarios—combin- 
ing different assumptions regarding one or more of these 
determinants of demand or supply—were computed, first, for 
the US economy, before turning to the projections on a global 
level. Readers interested in the assumptions, scenarios and the 
resulting projections in IEA/USMIN are referred to The Future 
of Non-Fuel Minerals in the US and World Economy (Leontief 
et al., 1983, chapters 1-5). 


Expanding the representation of minerals in the 
World Input-Output Model 


Since its completion in 1976, the World Input-Output 
Model was enlisted to examine a number of specialized issues 
ranging from the future of world ports to global energy and 
food requirements in the first decades of the 21st century, in 
addition to expanding the representation of non-fuel minerals 
to include the 20 ‘new’ minerals that were not included in the 
original World Model projections (Leontief et al., 1979a,b, 
1983; Leontief and Sohn, 1982; Leontief and Duchin, 1983). 

Regional production and consumption data for all 26 non- 
fuel minerals were obtained from various Bureau of Mines 
reports (US Department of the Interior, 1972-1974, 1977, 
1981) and other sources to reflect regional and global demand- 
supply balance for 1972 which became the ‘base-year’ for 
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Fig. 1. The world model regional classification. 


developing the regional mineral coefficient matrices for the 
newly expanded 16 region World Model.” 

Once the (1972) base-year data were in place for the 16 
regions, the 1980 projections of regional minerals consumption 
and production—the first year of the long-term projections— 
were adjusted to reflect the most recent complete set of 
physical supply-demand balances that were available (for 
1979) when the computations were made in July 1981. (See 
Leontief et al. (1983, page 214). for the sources of this data.) 
Figs. 1 and 2 present the countries of the world aggregated into 
the 16 regions and three ‘super-regions’, respectively, that 
were used to report the projections in the original study and that 
are used in the tables of this follow-up study. 


Global projections of non-fuel minerals: the world model 
and other modeling efforts 


Because of the critical position of non-fuel minerals in 
improving regional and global well-being and the need for 
long-term projections of global production and consumption of 
these minerals (see above), it is not unusual for other 
individuals or institutions to be engaged in similar work— 
utilizing, perhaps, a different methodological framework 
and/or a different set of assumptions. Consequently, it would 
be of interest to present these other projections (where 
applicable) alongside the projections computed by the Input— 
Output approach (IEA). Table 3 presents the projected annual 
rates of growth of the 26 non-fuel minerals in the study along 
with three other sets of projections for the year 2000 made for 
similar periods of time. 


? As a part of the normal upgrading of the World Model, the original ‘North 
America’ region was divided into two distinct regions—the US and Canada. 
(For additional information on the methodology used to carry out this 
disaggregation, see Leontief et al. (1983, pages 211—212).) 


Projected versus observed rates of growth in the 
production and consumption of selected minerals 
for the year 2000 


“Never prophesy, especially about the future” 
(Hollywood movie mogul, Samuel Goldwyn) 


Projected and actual population and income growth 


This section presents the tables and figures of the data that 
are among the principal long-term determinants of minerals 
consumption—population and income growth—on a regional 
and global level, for both the 1970-2000 and 1980-2000 
intervals. Table 4 presents the ‘super-regional’ population 
levels and shares of the world total for 1970 and the projected 
and actual 2000 values. 

The population projections made in the mid-1970s for 
the year 2000, issued by the United Nations Population 
Division, were only 2.3% higher than the actual global level 
for 2000, which is probably the ‘best’ projection of the 
study! As expected, the share of the developed countries in 
total world population has declined from 30 to 23% over 
the interval. 

Table 5 and Figs. 3 and 4 present the projected and actual 
regional population and GDP rates for 1970-2000 and 1980- 
2000, and the change in per capita GDP over the two intervals. 
The lower population growth rates for virtually all the regions 
in the second interval as compared to the first interval are 
consistent with long-term demographic trends. The population 
growth (decline) in two of the European regions WEH (and 
EEM) are the result of the re-unification of Germany in the 
early 1990s and the migration of many eastern-Europeans and 
others to western-Europe, in part, as a result of the economic 
stress in the wake of the collapse of the Soviet Empire in the 
late 1980s. As for the US, the increase in the population growth 
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Table 3 
World consumption of non-fuel minerals: comparison of alternative projected 
annual rates of growth (1970-2000) (annual percentage rate) 


Bureau of W. Malen- Ridker and Institute for 
Mines baum* Watson? economic 
analysis 

Tron 2.6 2.95 2.05 4.03 
Molyb- 45 - 2.40 4.15 
denum 

Nickel 4.3 2.94 3.21 2.70 
Tungsten 3.5, 3.26 2.09 4.47 
Manganese 2.7 3.36 0.55 4.90 
Chromium 3.3 3.27 —0.49 4.60 
Copper 3.9 2.94 2.70 4.35 
Lead 3.5 - 3.34 4.47” 
Zinc 2.1 3.05 2.60 3.53 
Gold 1.5 - - 4.48 
Silver 2.3 - - 4.30 
Aluminum 5.4 4.29 5.10 3.67 
Mercury 2.3 - - 1.76 
Vanadium 3.6 - 4.26 4.70 
Platinum 2.6 3.75 - 4.60 
Titanium 3.8 - 2.12 3.50 
Tin 0.9 2.05 2.93 4.00 
Silicon 337 - - 4.50 
Fluorine 3.5 - - 2.20 
Potash 3.6 - 2:57: 4.70 
Soda ash 2.4 - - 4.80 
Boron 3.5 - - 4.80 
Phosphate 5.0 - 3.61 4.60 
rock 

Sulfur 4.6 = 1.95 3.76 
Chlorine - - - 1.04 
Magnesium 2.1 ~ - 3.90 


Notes: Rates of growth are computed on the basis of physical units, and all the 
projected growth rates reflect growth in primary demand, except the Ridker and 
Watson study, where projections include primary and secondary demand. 
Sources: Malenbaum (1978), Leontief et al. (1983), Ridker and Watson (1980), 
and US Department of the Interior (1981). 

* 1975-2000. 

® Includes primary as well as secondary demand. 


rate in the 1980-2000 period compared to the 1970-2000 
interval is most likely explained by increased immigration 
from Central and South America, Asia, the Middle East, the 
former Soviet Union, and Africa during the last two decades. 

Regarding the projections of regional GDP growth— 
arguably, along with population growth and technological 
change, the principal determinant of future minerals consump- 
tion—they were determined region by region and decade by 
decade by the then prevailing long-term constraint on the level 
of regional economic activity: in the developed regions, the 
available labor force (including assumptions regarding 
the growth in population and labor productivity) over the 
projection period, and the balance of payments constraint for 
the developing regions, which, of course, limited developing 
regions from importing capital equipment mostly from the 
developed countries. The absence of well-functioning and fully 
integrated capital markets—that was so characteristic of the 
late 1970s and early 1980s for the developing countries—was 
the major constraint on economic growth in the developing 
countries at the time the projections were made. (For a more 
detailed explanation of these assumptions, please see Leontief 
et al. (1983, page 216).) 

The actual country and world GDP growth rates for both the 
20 and 30 year intervals were available from the World Bank’s 
Data Development Unit. Actual world GDP growth over both 


Table 4 
Projected and actual population, 1970-2000: levels (in billions) and shares (in 
percent) 


Region 1970 actual 2000 projected 2000 actual 


Level Share Level Share 


Developed 1.10 0.30 1.39 0.23 1.38 0.23 
Developing I 0.36 0.10 0.87 0.14 0.82 0.14 
Developing II 2.23 0.60 3.85 0.63 3.77 0.63 
World 3.69 1.00 6.11 1.00 5.97 1.00 


Level Share 


Note: For the country and region aggregation schemes, please see Tables Al 
and A2. Source: Leontief et al. (1977) and World Bank (2002). 
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Projected versus actual growth in population and GDP (annual percentage change) 
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Region Population (1970-2000) Population (1980-2000) GDP (1970-2000) GDP (1980-2000) 
Projected Actual Projected Actual Projected Actual Projected Actual 

AAF 2.7 2.5 2.6 2.5 1.4 4.4 2.9 3.7 
ASC 1.4 1.4 1.2 1.2 4.2 8.9 4.2 OFT 
ASL 2.0 1.9 1.9 1.7 1:5 5.4 1.0 5.2 
CAN 1.3 1.2 1.3 1.2 3.6 3.5 3.4 3.2 
EEM* 0.6 —0.3 0.5 —0.8 4.5 2.6 4.2 1.8 
JAP 0.7 0.6 0.5 0.4 a2) 3.5 4.5 2.7 
LAL 2.6 2.1 2.6 1.8 5.2 3.1 6.1 2.2 
LAM 2.2 2.0 2.1 1.7 4.5 3.8 5.8 2.5 
OCH 1.3 1.3 1.0 0.8 3.8 3.4 3.7 3:5 
OIL 3.2 2.7 3.2 2.4 12.0 2.7 9.3 1.7 
RUH 0.8 0.5 0.8 0.3 4.9 0.0 4.7 -1 
SAF 2.8 2.4 2.8 2.2 4.6 2.4 5.5 1.7 
TAF 3.1 3.3 3.4 3.5 4.1 2.8 4.0 2.3 
USA 0.9 1.2 0.8 1.3 2.8 3.3 2.6 3.4 
WEH* 0.2 0.5 0.1 0.6 3.3 2.5 3.4 2:3. 
WEM 1.3 0.9 1.3 0.7 2.4 3.1 2.6 2.5 
World 1.69 1.62 1.62 1.50 3.96 3.30 3.84 2.90 


For the country aggregation scheme, please see Table Al. Sources: Leontief et al. (1977, 1983) and World Bank (1992, 2002). 
* For the year 2000 data, the population and GDP data are for a unified Germany. 


intervals was less than the rate projected by the World Model, 
with the 1980-2000 difference greater than that for 1970-2000, 
despite the formidable growth rates achieved by China (ASC), 
and India and other Asian countries (ASL) over the past two 
decades. The poor economic performance over this interval of 
the oil-producing countries (OIL), Central and South America 
(LAL and LAM), South Africa (SAF), Russia (RUH) and 
Eastern-Europe (EEM)—and the lower actual growth in Japan 
and Western Europe (WEH)—for a variety of reasons that 
include political, social, economic and financial problems, 
explain the lower actual world GDP growth rate for the second 
interval relative to the first interval, and the relatively large 
difference between the projected and actual rates for the 1980- 
2000 interval. 


Selecting a subset of eight minerals from the 26 


Before presenting the observed and projected growth 
rates—both on a global and regional basis—it is important to 
explain the choice of the eight minerals included in this study 
from among the 26 minerals examined in the earlier study 25 
years ago. A self-imposed time constraint for completing the 
current study restricted the analysis to eight minerals. The eight 
include: aluminum, copper, iron, mercury, nickel, phosphate 
rock, potash, and tin. 

Aluminum and tin were selected because at the time of the 
study—in the late 1970s and early 1980s—the first was 
perceived to be an ‘ascending’ metal because of its desirable 
physical and economic properties relative to the second and to 
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Fig. 3. Actual annual GDP growth: 1970-2000 and 1980-2000. 
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Fig. 4. Actual annual per capita GDP growth: 1970-2000 and 1980-2000. 


steel. Therefore, if this perception was accurate, the observed 
annual rate of growth in the first should be significantly higher 
than the second (and for steel), both globally and for most 
regions in the world model. 

Regarding copper and iron (the raw material in steel- 
making), both of these constitute the ‘DNA’ of a rising 
standard of living—certainly one of a region that is 
industrializing and growing quickly—and higher annual 
growth rates should be experienced in those regions that are 
industrializing and growing more quickly. Consumption rates 
in these regions should, therefore, be above the global rate of 
growth of consumption of the metal and, on the other hand, the 
annual rate of growth of consumption of copper and iron ore 
should be significantly lower in the post-industrial, service- 
oriented, developed regions than the annual global rate of 
growth of consumption of the metal. 

Since nickel is generally associated with higher-grade 
steels, i.e. about two-thirds of all primary nickel consumption 
in the world is used in stainless steel (USGS, 2004), as living 
standards increase in most regions over the 1970-2000 
interval, regional rates of growth in nickel consumption should 
exceed those of iron in the more developed regions and on a 
global basis since the developed regions still absorb 59% of 
annual global iron consumption and 74% annual global nickel 
consumption (see Table 8). 

Mercury was selected to highlight the effect of regulatory 
change on the long-term use of a resource. At the time of the 
study in the early 1980s, the long-term health and environ- 
mental effects of exposure to mercury were beginning to be 
understood, and in the intervening quarter century strict 
regulatory measures have been implemented to phase out the 
production and use of mercury in the US and other developed, 
and some developing, regions as scientific evidence has 
identified and confirmed the high toxicity of mercury. 
Consequently, for the 1970-2000 interval, this is one of the 
few metals for which global growth in production has been 
strongly negative (USGS, 2003). 

Turning to the fertilizer minerals, phosphate rock and potash 
were included in this study since two of the principal 
determinants of mineral consumption over a relatively long 


interval of time are population and income growth. In the 
1970s, it was presumed that as living standards rose, fertilizer 
use would expand as well. As a result, with world population 
growth of 1.62% per year and world growth in real GDP of 
about 3.3% per year from 1970-2000, consumption of both 
these fertilizer minerals would be expected to grow at least as 
fast as population, given the need to enhance land productivity 
and food output to meet the nutritional requirements of a 
growing world population that is also becoming richer and 
more urbanized. 


The changing patterns of production and consumption 
of selected non-fuel minerals 


Tables 6 and 7 present the annualized rates of growth in 
observed regional and world consumption of the eight non-fuel 
minerals included in the current study over the 1970-2000 
(Table 6) and the 1980-2000 (Table 7) intervals. The observed 
growth rates of minerals consumption for the year 2000 were 
computed from the observed levels reported for 2000 by the 
World Bureau of Metal Statistics (WBMS, 2002) for the six 
metallic minerals, by the International Fertilizer Industry 
Association (2001) for phosphate rock, and by the United 
Nations Food and Agriculture Organization (2002) for potash. 

With the exception of nickel and tin, global annual growth 
in consumption of these minerals was greater in the first 
interval than in the 1980-2000 period probably because both 
the global annual rate of both GDP and population in the 1970- 
2000 was greater than the 1980-2000 interval. The likely 
reason for the higher growth rates for nickel and tin in the 
second interval as compared to the 1970-2000 period is the 
higher growth rate for specialty steels as technological change 
and living standards advanced. 

Despite the explosive GDP growth in China and other Asian 
countries (ASL, and, in particular, most recently in India) in 
both intervals (see Table 5 and Figs. 3 and 4), global growth in 
iron consumption still trends down—from a 1.1% annual rate 
of growth in the 1970-2000 interval to a zero annual rate of 
growth in the 1980—2000 period. The continuing substitution of 
aluminum and other ‘lighter’ metals and non-metallic materials 
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Table 6 

Observed regional consumption of selected non-fuel minerals: 1970-2000 (annual percentage change) 

Region Aluminum Copper Tron Mercury Nickel Phos. rock Potash Tin 
AAF 3.2 0.0 3.8 0.0 16.0 —2.0 0.0 
ASC 12.7 10.4 5.2 19.3 8.6 3.9 4.9 
ASL 4.8 13.4 10.1 4.3 3.7 5.4 6.2 
CAN 4.7 —2.6 —2.9 —6.5 — 6.6 1:5 —2.1 
EEM 2.3 1.8 —Ll 2.7 —4.1 —4.3 —3.0 
JAP 2.4 1.8 1.1 2.1 —4.3 —3.8 —10 
LAL 0.0 1.6 1.3 0.0 0.0 3.3 —1.0 
LAM 4.3 2.8 7.0 —2.6 3.5 4.7 3.6 
OCH 2.2 4.2 0.0 —9.4 1.5 3.0 =2,.3 
OIL 74 5.8 18.3 10.1 1.2 3.6 11.0 
RUH —1.0 —44 0.0 —3.2 —1.6 —4.9 —3.1 
SAF 2.2 1.6 3.3 6.7 6.5, —1.0 0.0 
TAF —74 —3.0 3.6 5:5 5.4 3.4 —7.0 
USA 1.2 2.3 —16 0.5 1.5 0.8 0.0 
WEH 1.6 2.0 0.0 4.0 —3.3 —0.9 —10 
WEM 4.6 1.2 0.8 4.8 1.0 0.7 1.3 
World 2.4 2.7 1.1 1.5 1.4 0.5 0.7 


Note: For the country aggregation scheme, please see Table Al. The data in this table are based on Tables L.1—L.16. Sources: Leontief et al. (1983) for base year 
1970 data, and WBMS (2002), USGS (2002), UN-FAO Fertilizer Yearbook (2002), International Fertilizer Industry Association (2001) and UNCTAD (2004) for 


2000 data. 
for steel, for example, in automobile production, in part, 


explains the reduced demand for iron. In addition, lower GDP 
growth rates and the increased use of mini-mills and increased 
efficiencies in the established ‘integrated’ steel plants in using 
steel scrap to produce crude steel—especially in the US—is 
further reducing growth in demand for iron. Observing the 
lower growth rates for iron in the major iron consuming regions 
other than China and India, such as JAP, LAM, RUH, US and 
WEH, and the regional GDP growth rates over the two 
intervals, would support this line of reasoning. 

Turning to the fertilizer minerals—phosphate rock and 
potash—despite continued (though slower) global population 
and GDP growth in the second interval with respect to the 
1970-2000 period, the annual growth rate in global demand for 
these two minerals, used overwhelmingly in the agricultural 


sector, declined from 1.4 to 0% for phosphate rock and from 
0.5 to —2.10% for potash over the two time periods. This is 
due, in part, to policy changes in the farm sectors of the 
developed countries designed to take land out of production to 
reform state farm support programs, and to respond to 
increased environmental concerns in these regions to arrest 
the degradation of farm land with a more judicious application 
of fertilizers. (More about this below.) 

With respect to mercury, global primary production 
declined from 11.16 kton in 1970 to 3.31 kton in 2000 owing 
to the proven toxicity of the metal. Currently, so little of the 
metal is produced from direct mining that large reporting 
discrepancies in primary production data exist. The US 
Geological Survey (USGS, 2002) reported 1.35 kton of 
primary mercury produced in 2000, while the WBMS (2002) 


Table 7 

Observed regional consumption of selected non-fuel minerals: 1980-2000 (annual percentage change) 

Region Aluminium Copper Tron Mercury Nickel Phos. rock Potash Tin 
AAF 4.9 0.0 8.60 <0 16.5 —4.8 3.2 
ASC 8.5, 8.3 6.50 6.9 5.2 —16 4.7 
ASL 4.9 10.4 12.20 4.9 4.1 6.7 8.2 
CAN 5.0 1.5 —5.00 1.1 —13.1 —18 = 5:3: 
EEM —14 —2.0 —4.20 —5.0 =5:5 —8.9 —7.2 
JAP 11 0.0 — 1.50 1.8 —7.9 —7.0 —2.6 
LAL 3.5 —1.0 3.60 <0 = 5:1 0.0 —5.0 
LAM 2.8 4.2 4.70 3.1 =13 0.3 4.5 
OCH 3.4 —1.0 —4.90 —6.2 2.7 5.0 =55 
OIL 5.0 5.1 3.70 —4.0 —9.4 —6.1 —1.8 
RUH —4.2 —8.7 — 14.50 —6.0 —5.4 — 10.0 —74 
SAF 3.3 2.4 4.30 7.3 8.6 —2.8 -1.2 
TAF 0.0 —4.5 —4.20 8.3 >0 >0 —12.0 
USA 1.0 1.5 —3.20 —1.0 0.8 0.0 1.1 
WEH 1.9 1.4 —0.60 2.1 —5.7 —2.0 —1.0 
WEM 2:5 1.8 —3.00 75 0.6 0.8 1.2 
World 2.1 1.9 0.00 2.0 0.0 —2.1 1.1 


Note: For the country aggregation scheme, please see Table Al. The data in this table are based on Tables L.1—-L.16. Sources: Leontief et al. (1983) for “base year’ 
1980 data, and WBMS (2002), USGS (2002), UN-FAO Fertilizer Yearbook (2002), International Fertilizer Industry Association (2001), and UNCTAD (2004), for 


2000 data. 
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minerals in Table 8 despite being a region that is abundantly 
endowed with deposits of these minerals. 

The two ‘explosive growth’ regions, ASC and ASL, that 
incorporate China and India, respectively, registered much 
higher regional growth rates than the world rate of growth for 
all eight minerals, often a factor of 3 or more, over the 1980- 
2000 interval, suggesting that both of these regions, because of 
their relatively low per capita income, are operating on the 
ascending part of Malenbaum’s classic “inverted U’ curve (see 
below). 

With regard to Russia and the other countries that comprised 
the former Soviet Union (RUH) and Eastern Europe (EEM), 
the data appear to confirm the economic decline that 
characterized the final years of the Soviet Empire beginning 
in the early 1980s that continued for the next 20 years as the 
countries in these regions—with varying degrees of success— 
abandoned the Soviet model and began adopting a market- 
based economy. With RUH having the worst performing 
economy of the 16 regions over the 1980-2000 interval—with 
GDP declining by 1.1% per year and annualized per capita 
GDP declining by even more—the negative growth rates in 
consumption for all eight minerals only accentuates the decline 
in living standards. Unsurprisingly, more moderate—though 
still—negative growth rates in all eight minerals are also in 
evidence for EEM in the wake of its relatively poor economic 
performance over the 1980-2000 interval (see Table 5 and 
Figs. 3 and 4). 

The economic collapse in Russia is also manifested on the 
supply side of the minerals equation. Despite its favorable 
endowments, it is apparent that the highly unfavorable 
economic, political, financial and legal environment has 
adversely affected Russia’s position as a significant producer 
of non-fuel minerals for the world economy over the 30-year 
period, especially for iron, phosphate rock and copper (see 
Tables S1-S8 of the Supplementary Data). 

Japan, a high-income country, registered significantly lower 
growth rates in minerals consumption—half were negative—in 
the 1980-2000 period than in the 1970-2000 interval. This can 
be explained, at least in part, by its relatively poor economic 
performance in the 1980-2000 period compared with the 
1970-2000 interval—the actual annual rate of growth in GDP 
in 1980-2000 was 23% below the 1970-2000 rate. Also 
contributing to the reduction in Japan’s rate of minerals 
consumption in the 20-year period versus the 30-year period 
are the structural changes that occurred in Japan’s economy in 
the 1990s as the ‘product mix’ of its output was up-graded, and 
‘metal bashing’ industries in particular, and manufacturing 
activity in general, began to be ‘out-sourced’ and ‘off-shored’ 
to lower income countries in the area, such as China. 

The data for WEH, which is comprised for the most part 
of OECD Europe (minus Iberia and Greece), show a similar 
pattern to Japan’s, with a lower annual rate of growth in 
minerals consumption for the 1980-2000 period than for the 
30-year interval, with the exception of aluminum (the 
technologically ‘superior’ metal). While part of the lower 
growth rate in minerals consumption should be attributed to 
lower income growth, the changing structure of Europe’s 


industrial base and the upgraded product mix of its output 
over the last 20 years suggest, absent aluminum, that the 
high-income countries of Europe are operating on the 
descending segment of Malenbaum’s ‘inverted U’ curve for 
minerals. 

Turning to the US, with income growth almost identical 
over the two intervals, the rate of growth in minerals 
consumption during 1980-2000 was below the 30-year period 
for all the minerals included in the study, except tin. Again, the 
forces of technological change, changes in the product mix of 
output, and globalization are probably at work in this critical 
‘region’ of the world economy, dominating the effects that 
solid economic performance over the 30-year interval would 
normally have to increase minerals consumption. 

With respect to the two Latin American regions (LAL and 
LAM), the economic performance of both regions in the 
1980-2000 interval was barely sufficient to maintain living 
standards attained in the 1970s (see Fig. 4), that were 
supported, in large part, by firm commodity prices that were 
not just limited to fuel minerals. The early 1980s debt default 
and the subsequent ‘lost decade’ that was experienced by most 
of the continent severely affected the growth in living 
standards for over a decade until comprehensive economic 
and financial reform programs in the 1990s restored economic 
growth, particularly in Chile, Argentina, Brazil and Mexico, 
the major consuming countries in the LAM region. The 
observed growth rate in the metallic minerals over the 1980- 
2000 period in this region, despite relatively weak GDP 
growth, is consistent with the needs of a developing region 
that is industrializing and adding much-needed infrastructure 
that is highly metals-intensive. 

For LAL, a region that includes Central America, the 
Caribbean Islands and some South American countries (see 
Fig. | and Table Al), growth in aluminum consumption in the 
1980-2000 interval was 66% above the world growth rate of 
aluminum, suggesting that much of this growth is at the 
expense of tin consumption, given the negative growth rate in 
tin over the corresponding period. 


Explaining the differences between the projected and 
observed levels of consumption of non-fuel minerals 
in the year 2000 


“Regarding the projections, the only thing that I am certain 
about is that they are wrong.” 

(Professor Wassily Leontief, 1973 Nobel laureate in 
economics) 


Before attempting to explain—using the principal determi- 
nants of minerals demand discussed in Section 2—the 
source(s) of the (often substantial) differences between 
the projected and observed levels of global consumption for 
the eight non-fuel minerals in the year 2000, it would be useful 
to begin with a very brief overview of Wilfred Malenbaum’s 
(1978) classic ‘intensity-of-use’ measure of minerals use. 
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John Tilton summarized Malenbaum’s hypothesis as 
follows: 


“The intensity of use for a mineral commodity depends on 
economic development as reflected by per capita income. 
Specifically, very poor countries with little or no develop- 
ment devote most of their efforts to subsistence agriculture 
and other activities that require minimal use of mineral 
commodities. Thus, their intensity of mineral use is low. As 
development takes place, however, their efforts shift to 
building homes, roads, schools, and hospitals. They begin to 
construct railroads and steel plants, and to consume first 
bicycles and then automobiles. Such activities push their 
intensity of mineral use upward. At some point, however, 
most of these needs are satisfied, and further development 
leads to another shift in preferences, this time toward 
education, medical care, and other services that are less 
mineral intensive” (Tilton, 2003, p. 72). 


Writing a quarter-of-a-century later, John Tilton refined and 
extended Malenbaum’s ‘crude’ measure to incorporate ‘the 
product composition of income’ and ‘the material composition 
of products’, largely determined by materials substitution and 
resource-saving new technology. 

Tilton writes: 


“The intensity of use may shift over time as a result of 
changes in the mineral commodities used to produce 
particular goods or services, what is called the material 
composition of products. These changes are largely 
driven by material substitution and resource-saving new 
technology. For example, the substitution of plastic 
beverage containers for aluminum cans increases the 
intensity of use of plastic and reduces the intensity of use 
of aluminum. Moreover, thanks to new technologies, we 
now make aluminum beverage cans with far thinner 
sheets and consequently less metal... The intensity-of-use 
curve can shift upward as well as downward. This 
occurred for aluminum, for example, when that material 
successfully displaced the tinplate beverage can in the 
1970s and 1980s. For two reasons, however, the 
prevailing tendency at least for the widely used, 
traditional mineral commodities is for the curve to shift 
downward. First, resource-saving technology reduces the 
intensity of use. Bridges today can be built with far less 
steel than 50 years ago due to improved steels with far 
greater strength. New developments that increased the 
amount of steel required would not be advances and 
would not be introduced. Second, scientists and engineers 
are constantly developing new materials. During the past 
several decades, for example, many new plastics, 
ceramics, and composites have penetrated the market. 
For the traditional materials, this means that material 
substitution, though it may on occasions increase 
intensity of use, tends on balance to have the opposite 
effects as new materials capture part of their historical 
markets” (Tilton, 2003, p. 73). 


Explaining the differences 


The data in column (1) of Table 9 show the ratios of global 
projected consumption to global observed consumption for the 
year 2000 for the eight non-fuel minerals examined in this 
study. These ratios provide a measure of the differences that 
need to be explained. For example, while the ratio for 
aluminum was only 1.47, indicating an approximate ‘error’ 
of 50%, the ratio for potash indicates an ‘error’ of more than 
225%! 

Columns (2) and (3) present measures of the increase in 
observed world consumption of these minerals over the 1970- 
2000 and 1980-2000 intervals. For example, observed global 
consumption of nickel rose 57% in the year 2000 from the 1970 
base-year. Annualizing the numbers in columns (2) and (3) 
would generate the annual growth rates in global consumption 
of these minerals over the 20- and 30-year periods, as presented 
in Tables 6 and 7. 


Population and income growth 


The actual level of world population was only 2.3% less 
than the projected level for 2000 (or approximately 140 million 
people from a total of almost 6 billion, see Table 4). More than 
half of the difference between the projected and actual levels— 
about 80 million people—was in the ‘super-region’ that 
includes China and India (Developing Countries, Group II) 
where the growth rates in mineral consumption are relatively 
high over the 30-year period. However, since per capita 
incomes are still relatively low in this region, per capita 
consumption of minerals is also relatively low. Therefore, the 
significance of this relatively small divergence of the projected 
level of world population from the actual level can be of 
limited usefulness in explaining the large difference between 
projected and observed mineral consumption in the year 2000 
on a global level. 

On the other hand, the actual rate of growth of global GDP 
in the 1970-2000 interval was 3.3% per annum (p.a.) compared 
to the projected rate at 3.96% p.a., and the actual rate of growth 
of global GDP in the 1980-2000 interval was 2.9% p.a. 
compared to its projected rate of 3.84% p.a. (see Table 5). 

The numbers that appear in the GDP and Per Capita GDP 
rows of columns (4) and (5) are ratios of actual to projected 
annual rates of growth in world GDP and GDP per capita from 
1970 to 2000 (column 4) and from 1980 to 2000 (column 5), 
respectively (see Table 5). For example, from the GDP data in 
Table 5, the shortfall (in percentage terms) of the actual from 
the projected global GDP growth for the 1970-2000 interval 
was 17% (i.e. 1-.83), while the difference was 25% (i.e. 1-.75) 
for the 1980-2000 period. These values serve as the 
denominators of the ratios (which are not shown) that are 
formed to obtain the numbers in the cells of the remaining rows 
in columns (4) and (5), respectively, of Table 9. The 
numerators of these ratios (which are also not shown) measure 
the differences between the annualized observed and projected 
rates of growth in global minerals consumption in the 1970-— 


Table 9 


Explaining the differences between the observed (O) and projected (P) values: the role played by the differences in global gdp and per capita gdp growth* 


1970-2000 


Ratios of differences” 


2000 P/2000 O 2000 0/1970 2000 0/1980 
1970-2000 


GDP and mineral 


Ratio of (O) to (P) of global 
consumption normalized for 


per capita GDP differences® 


(8) 


Ratio of (O) to (P) of global 
consumption normalized 
for GDP differences® 


Ratio of (O) to 
(7) 


(P) of global 
consumption® 


(6) 


1980-2000 


(5) 


(4) 


(3) 


(2) 


(1) 


0.75° 


0.83¢ 


GDP 


0.644 
1.88 
2.32 
4.00 


0.744 
2.06 
2.23 
4.29 


Per capita GDP 
Aluminum 
Copper 

Tron 


0.88 
0.84 
0.47 


0.78 
0.75 
0.42 


0.65 
0.62 
0.35 


1.49 
1.47 
0.98 


1.98 
2:23 
1.41 


1.47 
1.65 
2.32 


Mercury 
Nickel 


0.78 
0.45 
0.35 
0.42 


0.70 
0.40 
0.31 
0.37 


0.58 
0.33 
0.26 
0.31 


1.64 
4.00 
5.16 
3.12 


2.59 
4.12 
5.23 
4.82 


1.36 
0.98 
0.67 
1.02 


1.57 
1.51 
1.21 
1.25 


1.43 
2.61 
3.29 
2.61 


Phos. rock 
Potash 
Tin 
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* The data in this table are based on the data in Tables 3, 5—7. 


> Except for the GDP and Per Capita GDP numbers, the numbers in columns (4) and (5) represent the differences (in percentage terms) between the observed and projected annualized growth in global mineral 
consumption for the two time intervals divided by the differences (also in percentage terms) between actual and projected global GDP and per capita GDP growth for the two time intervals. (Please see the example in 


the text.) 


© These numbers represent the ratios of the actual to projected annual rate of growth in global GDP and per capita GDP from 1970 to 2000 (column (4) and from 1980 to 2000 (column (5)). 


4 Please see the text for the interpretation of the numbers in columns (6), (7), and (8). 


2000 period (column (4)) and the 1980-2000 interval (column 
(5). 

For example, in the case of aluminum for the 1970-2000 
interval, the observed annual rate of growth in global 
consumption was 2.4% (from Table 6), while the correspond- 
ing projected annual rate of growth was 3.67% (from Table 3), 
a difference of approximately 35% below the projected rate. 
This value—35%—forms the numerator of the ratio that is the 
resulting number in the aluminum row and column (4). The 
denominator, 17%, as discussed above, is the difference (in 
percentage terms) between actual and projected global GDP 
growth for the 1970-2000 interval. 

Dividing these numbers, 0.35/0.17 (both values are 
percentage changes) results in a value of 2.06. The economic 
interpretation of this number is as follows: for every 1% 
difference between actual and projected global income there 
was a difference of 2.06% between the observed and projected 
aluminum consumption, and so on. Judging by the historical 
evidence—for example, see Table 2—these ‘elasticity-like’ 
numbers in columns (4) and (5) appear to be ‘capturing’ more 
than income changes. That is, other factors besides the 
differences in actual and projected income growth over 
the two time intervals are needed to explain, in some cases, 
the wide divergence in growth rates between actual and 
projected global consumption of these non-fuel minerals. 

To this end, columns (6) and (7) were constructed to remove 
the effect of the difference between actual and projected GDP 
growth on the difference between the observed and projected 
growth in global minerals consumption. For example, 0.62 in 
column (6) and the copper row is the ratio of the annual 
observed rate of growth in global copper consumption to its 
annual projected rate of growth (from Tables 3 and 6) over the 
1970-2000 interval. (A similar vector could be constructed for 
the 1980-2000 period.) The numbers in column (7) are the 
column (6) numbers divided by 0.83, the ratio of actual to 
projected global income growth over the 1970-2000 interval 
(from column (4)). The column (7) vector—whose numbers are 
all greater than those in the corresponding rows in column (6) 
has removed that part of the difference between observed and 
projected minerals consumption that can be attributed to the 
difference between actual and projected global income from 
1970 to 2000. For example, referring to copper in column (7), 
75% of the difference between the observed and projected rates 
of growth of global consumption of copper in the year 2000 
was due to income-related determinants of demand. 

Following Malenbaum’s ‘intensity of use’ hypothesis, mineral 
consumption is arguably better aligned with the standard of 
living, that is GDP per capita rather than GDP. Referring to the 
data in Table 5, the ratios of the actual to projected rates in global 
GDP per capita over the 1970-2000 and 1980-2000 intervals 
were calculated as 0.74 and 0.64, respectively. These numbers 
appear in the Per Capita GDP row and columns (4) and (5) in 
Table 9. The numbers in column (8) of Table 9, are the values of 
the vector in column (6) divided by 0.74, the ratio of actual to 
projected global GDP per capita for the 1970-2000 period. The 
column (8) numbers are all higher than the column (7) numbers, 
indicating that normalizing for GDP per capita instead of GDP 
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further narrows the gap between observed and projected global 
consumption of minerals over the 1970-2000 interval. (A similar 
calculation could be made for the 1980-2000 period. Also, while 
it would be of interest to perform similar calculations for the 
individual regions for the two time intervals, time and space 
limitations precluded these computations in the present study.) 

The economic interpretation of the values in column (8) is 
as follows: for example, while the ratio of the observed annual 
rate of growth to the projected annual rate of growth of 
aluminum consumption for the 1970-2000 interval was 0.65, 
after adjusting this value for the difference between the annual 
rates of growth of actual and projected GDP per capita, the 
ratio of the observed to projected annual rate of growth of 
global aluminum consumption rises to 0.88. In other words, 
only about 12% of the difference between the annual growth 
rates in observed and projected global consumption of 
aluminum needs to be accounted for by the other determinants 
of minerals demand. Clearly, in the cases of iron, tin and the 
fertilizer minerals—phosphate rock and potash—as can be 
observed by the numbers in column (8) of Table 9, less than 
half of the difference between the observed and projected 
annual rates of growth in consumption over the 1970-2000 
interval can be attributed to the difference between the actual 
and projected annual rate of growth of GDP per capita. 

Using the percentages in column (8) of Table 9, as a point of 
departure, the discussion is now focused on the contribution of 
changes in recycling rates (in the case of the six metallic 
minerals), changes in regulatory and other policy measures, 
and technological change—manifested through changes in the 
product mix, materials substitution, or process technology—to 
explain the remaining differences between the observed and 
projected global consumption of the eight non-fuel minerals. 


Recycling 


Recycling rates of old scrap vary widely over time and 
across metals. As a result, the contribution that enhanced 
recycling can make over time to reducing the demand for 
primary metal is considerable. Table 10 presents the US 
recycling rates for the six metallic minerals for the (1972) base- 
year of the study and the assumed maximum percentage change 
in those rates for the year 2000. The latter are included here 
only to highlight, from a technical point of view, the potential 
for increasing the rate of recycling of old scrap for these metals. 
In addition, on the basis of discussions with USGS commodity 
specialists and industry experts, also included in Table 10 are 
the approximate percentage changes in the ‘global’ recycling 
rates of old scrap for the year 2000 from the 1970s. 

Because recycling rates vary so much from time period to 
time period and from region to region no quantitative estimate 
is provided in this study to assess the magnitude of the 
contribution that higher recycling rates—particularly for iron 
and aluminum—have made towards reducing the demand for 
primary metal for the year 2000. However, it is safe to say that 
with respect to mercury, the large percentage increase in its 
recycling rate in the United States in 2000, as reported in 
Table 10—along with the regulatory restrictions placed on the 


Table 10 
Recycling rates: base year rates, and assumed and estimated percentage changes 
from the 1970s to 2000 (in percent) 


Mineral Recycling rates 
US rates, base Percentage change from 1972 
year (1972)*° 
US rates, Global, 
assumed estimated actual 
maximum change (2000)4 
change (2000)? 
Aluminum 15 150 50 
Copper 40 80 0 
Tron 30 100 50 
Mercury 23 0 > 200 
Nickel 30 80 20 
Tin 23 140 0 


Sources: (Leontief et al., 1983), and interviews with individuals in the following 
organizations: USGS, Copper Development Association, Nickel Institute, Steel 
Recycling Institute, and Yale University. 

* Recycling rate=old scrap/total metal consumption. 

> All projections in the World Model were for primary metal. 

© These rates are based on data in Leontief et al. (1983, pp. 65-70). 

4 Global estimates, except mercury, which is a US estimate. 


use of mercury (see below)—reduced the need for primary 
mercury practically to zero. This is the case because of the 
increasingly smaller amounts of mercury used by the chlor- 
alkaline industry—due to the gradual phase-out of its mercury- 
cell process technology—over time. 


Regulatory and other policy changes 


Since the 1970s the minerals producing and consuming 
sectors, first in the US and other developed regions and later in 
the developing countries, have been required to introduce 
comprehensive (and costly) changes in their technologies to 
conform with ever stricter environmental, health and safety 
codes. The absence of these regulatory measures in the 1970s 
provides another important source for differences between the 
observed and projected global consumption of these non-fuel 
minerals. In addition, government policy changes to encourage 
or restrain certain economic activities—such as attaining 
mandated fuel efficiency targets or adjusting to reductions in 
government-supported farm programs—can also affect 
national and regional consumption levels of resources. 


Aluminum 

Over the 30-year interval that ended in 2000 there were no 
significant environmental or other regulatory measures that 
directly impacted the end using sectors of aluminum. 
Indirectly, the automobile fuel efficiency guidelines that 
came into force in 1978 were a positive event for the aluminum 
industry since the iron and steel content of automobile engines 
declined in favor of increased use of aluminum in order to 
comply with the Corporate Average Fuel Economy (CAFE) 
guidelines. For example, from 1978 to 2000 the aluminum 
content of the average US (garagable family) vehicle 
(passenger car, SUV or light truck) increased by 120%, from 
112.5 to 245.5 Ibs, or from 3.1 to 7.3% of the total weight of the 
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vehicle (American Metal Market, 2002). Since this measure 
was ‘positive’ for aluminum, it would not contribute to closing 
the remaining gap between the observed and projected levels of 
global consumption of aluminum in 2000. 


Copper 

The copper-using sectors, over the 30-year interval of the 
study, experienced only limited adverse impacts as a result of 
possible health concerns, particularly in Europe, that were 
associated with the use of copper in piping. In the US, problems 
on the horizon include the safe collection and processing of 
discarded electronics equipment and the potential for renewed 
recycling of radioactive metal from dismantled US nuclear 
plants. As a result, the limited regulatory changes that have 
affected the use of copper make only a small contribution to 
bridging the remaining difference between the projected and 
observed consumption levels in 2000. 


Iron 

The observed increase in the recycling rate of steel in the US 
and other developed countries over the 30-year interval covered 
in this study is, in part, the result of stricter environmental 
regulations regarding ‘land-fill’ disposal of obsolete products 
containing iron and steel, and other metals. In addition, as 
mentioned above, compliance with mandated US automobile fuel 
efficiency guidelines that came into effect in 1978 required a 
reduction in the use of iron and steel in US automobiles in favor of 
lighter metals, e.g. aluminum and other materials, such as 
plastics. For example, in 2000, 65% of the total weight of an 
average US family vehicle was comprised of iron and steel as 
compared to 74% in 1978, approximately 500 Ibs less per vehicle 
(American Metal Market, 2002). Consequently, these regulatory 
changes along with the complementary changes in technology 
(see below) combined with the increased recycling rate (see 
above) will make a significant contribution towards narrowing 
the large gap (more than 50%) between the projected and 
observed levels of global iron consumption in 2000. 


Mercury 

Because of its well-known toxicity, mercury use is being 
phased-out in all developed countries, and, in time, developing 
countries will adopt a similar trend. 

Its phase-out is of little consequence since there are close 
substitutes for all uses of mercury. Its use in paints and batteries 
has been discontinued and its declining use in dental amalgam 
and thermometers is being replaced by ceramic fillings and 
digital thermometers, respectively. The phase-out of mercury 
in the chlor-alkaline industry is discussed below. The last 
significant remaining use of mercury in the future is likely to be 
in small-scale gold mining, particularly in South America, 
where it is used to amalgamate gold from stream sediments in 
placer-gold operations. 

As a result, it is not at all surprising that with so little 
reported primary mercury currently being produced worldwide 
(USGS, 2003), tracking the end-use of these small amounts has 
been impossible in recent years. Therefore, no reliable 
consumption data for primary mercury was available for this 


study. Nevertheless, it is important to note again that the reason 
mercury was chosen in this follow-up study is specifically to 
highlight the importance of regulatory change as a major 
determinant of the demand for minerals. 

Therefore, while the projected global consumption of 
mercury for 2000 was 19 kton as compared to 3.3 kton of 
reported production according to the higher number reported in 
WBMS (2002)—since no reliable consumption data exist—it 
would be reasonable to assert that the main reason for the 
‘poor’ projection of global mercury use can be attributed to the 
regulatory measures implemented since the study was made in 
the early 1980s. These measures were introduced in order to 
reduce—if not eliminate—the use of mercury because of the 
known health and environmental risks associated with its use. 


Nickel 

There were no significant regulatory or environmental 
restrictions placed on the use of nickel over the 1970-2000 
interval. However, very recently, because of a number of 
reported cases of nickel dermatitis, the EU has reduced the 
nickel content of its 1 and 2 Euro coins to address this recent 
health concern. As a result, the absence, over the 1970-2000 
interval, of significant regulatory change regarding the use of 
nickel does not contribute to narrowing the difference between 
the projected and observed global consumption of nickel in the 
year 2000. 


Phosphate rock and potash 

While there have been environmental issues in the use of 
phosphoric acid in the chemical sector, less than 5% of 
apparent consumption of phosphates in the US is in the 
chemical industry. As a result, this small share of the total use 
of phosphates cannot make a substantial contribution to 
explaining the very large difference between projected and 
observed global consumption of phosphates in the year 2000. 

Since the overwhelming share of both phosphate and potash 
output is used in the global agricultural sector, their use is 
strongly linked to national and regional agricultural policies 
and to the perennial uncertainties inherent in agriculture such 
as weather, prices and the unique soil properties of agricultural 
land around the world. For example, when more market-based 
policies were adopted during the 1990s in the former Soviet 
Union and Eastern Europe, farmers became much more 
sensitive to controlling the cost of their inputs, in part, causing 
a collapse in the application of fertilizers in the farm sectors of 
these regions. 

On the other hand, even though there is at best only a 
tenuous link between fertilizer use and increased income per 
capita, the high GDP and per capita GDP growth rates 
sustained in China (ASC) and other Asian countries (ASL) 
over the last 20-30 years have increased the share of Asian 
consumption of phosphates to more than 20% of the world total 
in 2000 from 6% in 1970, and to more than 30% of potash in 
2000 from 10% in 1970. Therefore, these modest policy and 
regulatory changes do contribute to reducing, in a small way, 
the difference between the projected and observed levels of 
global consumption of fertilizer minerals in the year 2000. 
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Nevertheless, the major reason for the large differences 
between the observed and projected levels of global fertilizer 
use is discussed below. 


Tin 

There were no significant environmental or other policy 
measures specifically directed at the use of tin over the 1970- 
2000 interval. 

However, because of the continuing environmental problems 
associated with the use of lead, cadmium and chromium in certain 
end-uses, there is potential over the next decade for a rebirth in the 
growth of tin consumption. Therefore, the absence of regulatory 
change regarding the use of tin makes no contribution towards 
explaining the large difference between the projected and 
observed use of tin in the global economy in 2000. 


Technological change 


For economists, technological change—by increasing labor 
productivity—is the single most important factor that is 
responsible for increasing a nation’s standard of living and, 
more generally, for enhancing material well-being on a global 
scale. 

Evidence of technological change in the minerals mining 
and processing sectors is usually manifested through reducing 
unit production costs over time with the introduction of new 
processes at the mine, smelter and refinery, and through 
improved transport, communications, control, monitoring and 
information technologies. These improvements almost always 
coincide with fewer labor hours being applied to these 
processes per unit of output. 

On the other hand, technological change in the use of 
minerals is usually observed by using less of a mineral per unit 
of output, e.g. producing tin cans with less tin today than 25 
years ago, or, alternatively, substituting one metal for another 
because of the ‘superior’ properties relative to the one being 
replaced, while simultaneously balancing the enhanced 
‘quality’ improvement of the substitution with cost, and as a 
result, price considerations. For example, the substitution of 
aluminum for tin in beverage cans—most prominently in the 
US—has been made with these considerations in mind. Along 
with the substitution of one mineral for another is the 
substitution of newer materials such as plastics, ceramics and 
composites in place of metals, again for the same reasons. 

Needless to say, technological change in the mineral use 
sectors of the economy will have a powerful impact on the 
demand for minerals, and more specifically on mining output. 
In addition, the potential accuracy of long-term projections of 
mineral use is strongly impacted by the uncertainties regarding 
the nature of future technological change and the rate of its 
diffusion throughout the global economy. 

As a part of the larger minerals project that was completed 
in 1982 (see above), a number of projections of future US 
consumption of non-fuel minerals were based on explicit 
assumptions regarding future technological change in the 
minerals-using sectors of the US economy. (See chapter 4 of 
Leontief et al. (1983) for a detailed description of these 


assumed changes.) However, for the World Model projec- 
tions—on which this report is based—adjusting the technical 
coefficients of the structural equations for technological change 
was beyond its scope and budget. 

Having already discussed the contributions made by 
differences in per capita GDP, changes in recycling rates, 
and regulatory and other policy changes introduced during the 
1970-2000 interval, in order to explain the remaining 
differences between the projected and observed global 
consumption levels for the year 2000 of the eight minerals in 
the current study, the focus now shifts to technological change. 


Aluminum 

After adjusting the 2000 World Model projection of global 
aluminum consumption for the differences between the 
projected and actual growth in per capita income, only about 
12% of global consumption needs to be explained (see Table 9) 
by changes in the global recycling rate, regulatory and other 
policy changes, and technological change. 

Because of aluminum’s perceived ‘superior’ properties 
relative to steel (particularly in some uses in construction and 
automobile production) and copper (in some electrical uses), 
more, rather than less, aluminum has been used in these sectors 
since the 1970s, ceteris paribus. For example, as was 
mentioned above, because of the 1978 federally mandated 
US fuel efficiency guidelines for automobiles the average US 
automobile contained about 128% more aluminum in 2000 
than in 1978, a figure that is still rising in 2004 (American 
Metal Market, 2002). This, of course, would increase global 
aluminum consumption if applied worldwide, or at least in the 
other major developed regions (WEH and JAP) as is most 
likely the case, aligning observed consumption closer to the 
projected level for the year 2000. 

On the other hand, the efficiencies introduced since the 
1980s in the packaging industry—particularly in the US 
beverage sector—have reduced the amount of aluminum 
needed per unit of output, slowing the growth in observed 
aluminum consumption. In addition, the relatively large 
increase in the ‘global’ recycling rate of aluminum since the 
1970s (see Table 10), would also, ceteris paribus, slow the 
growth in the demand for primary aluminum, accounting for 
some of the residual difference between the projected and 
observed levels of global aluminum consumption in the year 
2000. 


Copper 

The recycling rate of copper in 2000 was not significantly 
different from the rate at the beginning of the 1970s (see 
Table 10). In addition, there were no substantial regulatory or 
other policy measures over the 1970-2000 interval to adversely 
affect copper consumption in the major copper-using sectors. 

Turning to technological change since the 1970s, even 
though, in part because of US CAFE standards, less copper is 
used today in automobile radiators (in favor of more 
aluminum), as a result of the enhanced (computerized) 
electronics systems that use mostly copper wiring in current 
model automobiles, according to the American Iron and Steel 
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Institute, copper use in the average US automobile increased by 
9 Ibs, or 24% from the late 1970s—2000. 

Nevertheless, in two of the other major end-using sectors of 
copper—plumbing and telecommunications—plastics and 
fiber optics, respectively, are increasingly being used as 
substitutes for copper since the 1980s, a trend that is likely to 
continue in the near-term future. 

The slower growth rate of copper consumption in these two 
copper-consuming sectors—when extrapolated globally— 
could explain the 15% remaining difference (see Table 9) 
between the observed and projected levels of global 
consumption for the year 2000. 


Iron 

Only about half the difference between the observed and 
projected levels of global iron consumption in 2000 can be 
explained by the differences in global per capita GDP (see 
Table 9). As discussed above, the 50% increase in the ‘global’ 
recycling rate of steel since the 1970s (see Table 10) and the 
1978 mandated CAFE guidelines for US automobiles have also 
made important contributions to reducing the global demand 
for iron in the year 2000 relative to the projected levels in the 
World Model. 

Technological change in steel making since the 1970s has 
produced important efficiencies in yields. For example, the 
ongoing transition of US and global capacity from ingot to 
continuous cast steel-making, improvements in continuous 
overall processing of steel, and the introduction of computer- 
ized process control, have yielded an estimated 20-25% 
increase in efficiency in the use of iron in the steel-making 
process. 

With regard to the end-using sectors of steel besides the 
automobile sector (see above), over the last 30 years there have 
been important efficiencies introduced in the construction 
sector—particularly in bridges—with the use of high-strength 
steels that substantially reduces the amount of steel required. 
Also, even though the cans and containers sector currently 
accounts for only approximately 3% of US steel consumption, 
compared with the 1970s, steel-based cans are now produced 
with 35% less steel. 

Therefore, the combined effects triggered by the increased 
steel recycling rate, the reduction in the percent of steel in the 
total mass of automobiles to improve fuel efficiency not only in 
the United States, and the technological advances introduced 
worldwide in the construction and the cans and containers 
sectors, along with the continuing adoption and diffusion 
throughout the world of the more efficient steel-making 
processes discussed above, should go far to explain the 
approximate 50% gap (see Table 9) between the observed 
and projected levels of global iron consumption in the year 
2000. 


Mercury 

As was mentioned above, the gradual phase-out of mercury 
use in most developed countries because of its extreme toxicity 
can easily explain the steep decline in the use and, 


consequently, the worldwide production of primary mercury 
metal since the early 1970s (USGS, 2003). 

In addition to the readily available substitute materials in 
paints, batteries, dental amalgam and thermometers, the chlor- 
alkaline industry, too, has adjusted. The chlor-alkaline industry 
is the single largest end-user of mercury, where the metal is 
used as an electrolyte, and in the US, it is recycled in plant. The 
industry has, over the last 20 years, increasingly adopted 
processes such as the membrane-cell and diaphragm-cell 
technologies that avoid the use of mercury. According to The 
Chlorine Institute (2004), in the US, only 10% of current 
chlorine capacity still uses the mercury-cell technology. 

As was also mentioned above, no reliable consumption data 
is available for the purposes of comparing these data to the 
projected global consumption level of mercury for the year 
2000. However, the projections generated an annual growth rate 
of 1.8% p.a., while the reported global production level of 
mercury (WBMS, 2002) generated an annual decline of primary 
mercury of approximately 4% p.a. over the 30-year interval. 

In the case of mercury it is very clear why the level of global 
consumption in 2000—despite the missing data—was only a 
fraction of its 1970 level, not to mention the projected level 
made by the World Model. 


Nickel 

After adjusting for the difference in per capita GDP growth 
over the 1970-2000 interval (see Table 9), there remains a 
difference approximately equal to 20% between the projected 
and observed levels of global nickel consumption that needs to 
be explained by non-income-related factors—changes in the 
recycling rate, regulatory and other policy changes, and 
technological changes associated with the use of nickel. 

The 20% increase in the ‘global’ recycling rate of nickel 
since the 1970s contributes positively to explaining some of 
this 20% residual (see Table 10). As mentioned above, there 
were no apparent regulatory or other policy changes over the 
30-year time period to adversely affect global nickel 
consumption in any significant way. 

Nickel is considered to be an ‘ascending’ metal—not unlike 
aluminum—in that its increasing use is associated with 
technological progress and rising living standards, for the 
most part because of its superior technical properties. The 
metal is used in the production of non-ferrous alloys or super- 
alloys, and in the production of alloyed or stainless steels, 
increasingly in the construction sector. According to the USGS 
(2004), stainless steel currently accounts for two-thirds of 
primary nickel used in the world. 

For example, nickel-based alloyed metals are increasingly 
used in land-based turbines in power plants and modern jet 
aircraft engines—particularly military aircraft engines— 
because of the metal’s well-known heat-resistance properties 
as increased aircraft speed raises engine temperatures. 

The above examples would, of course, all be ‘positive’ for 
global consumption of nickel (thereby ‘improving’ the 
projection than would be otherwise). The large developing 
regions—especially over the last 20 years—that exhibited the 
highest growth in nickel consumption were, as expected, ASC 
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(China) and ASL (India and most of south-east Asia)—growth 
that is very closely aligned with the high growth in their iron 
and steel sectors during the 1980-2000 interval (see Table 7). 


The fertilizer minerals: phosphate rock and potash 

The ratios of the projected to the observed levels of global 
consumption for the year 2000 of phosphate rock and potash 
were 3.29 and 2.61, respectively, i.e. an ‘error’ of 230% for 
phosphate rock and 160% for potash. After adjusting these 
numbers for the differences in global per capita GDP growth 
over the 30 year interval—even though the link between 
income growth and fertilizer use is much weaker than it 
appears to be for metals consumption—55 and 65% (from 
Table 9) of the difference between the observed and projected 
levels of global phosphate rock and potash consumption need 
to be explained, even though some of the differences can be 
attributed to the regulatory and other policy changes that were 
introduced from the 1970s to 2000 (see above). 

While it is acknowledged that the use of farm inputs— 
including fertilizers—is sensitive to the total acreage in 
production, input and estimated crop prices, changes in the 
business cycle, weather conditions and government farm 
policies, site-specific nutrient requirements of the land and 
the availability of other sources of fertilizers, e.g. manure from 
confined livestock in relatively close proximity to crops, also 
play a key role in determining the annual amount of mineral 
fertilizer applied to the land. 

Since the fertilizer input coefficients for all the regions 
represented in the World Model were based on the 1972 US 
fertilizer coefficients, in hindsight the projected global 
consumption of fertilizers should be excessively high for two 
reasons. First, to my knowledge, no attempt was made 30 years 
ago to account for the degree of site-specific nutrient- 
deficiency of the soil in the various regions represented in 
the World Model (nor of the other available sources of 
fertilizers in some regions, such as, for example, the extensive 
use of manure in European agriculture). 

Perhaps of greater importance in explaining the excessive 
projections of fertilizer consumption are the US coefficients 
themselves. It is well known in the fertilizer industry that in 
the US—in light of the productivity gains produced by 
scientific advances in the farm sector, including improved 
seed and irrigation techniques and fertilizer use—the late 
1960s and 1970s were known as the ‘grand period of 
growth’. As a result, during that period, which included the 
base year data for the model, generous applications of 
phosphates and potassium were applied to US agricultural 
land. These US fertilizer coefficients were used in all the 
other regional agricultural sectors in the model, again 
without regard to the site-and region-specific factors 
mentioned above that are so unique and critical to fertilizer 
use in agriculture. 

In addition, it is also well known that once US farmland 
was ‘built-up’ with these fertilizer inputs, there was no need to 
repeatedly apply these amounts every year because of the 
retention capacity of the soil. Therefore, it would not be 
surprising to see that when this ‘grand period of growth’ 


ended in the early 1980s in the US, low (or no) annual growth 
in these fertilizer inputs was registered over the 1980-2000 
interval (see Table 7). This is true for Western Europe as well. 

This structural mis-specification in the World Model’s 
agricultural sectors, combined with the poor farm-sector 
environment in WEH, EEM and RUH over the last 20 
years, in part the result of changing state farm programs and 
general economic stress in the former Soviet empire, along 
with improved fertilizer-use efficiency as a result of 
technological advance such as the introduction of GPS 
and genetically enhanced seeds—especially in large tract 
agriculture countries such as the United States—should 
explain the major part of the differences between the 
projected and observed levels of global fertilizer consump- 
tion in the year 2000. 


Tin 

Less than half of the difference between the projected and 
observed global level of tin consumption in the year 2000 can 
be explained by differences in global per capita income growth 
over the 1970-2000 interval. In addition, since there was no 
substantive change in the ‘global’ recycling rate of tin since the 
1970s (see Table 10), and there were no apparent adverse 
regulatory or other policy changes associated with the use of tin 
over the 30-year time period, the discussion now turns to the 
contribution of technological change in the use of tin to explain 
the large difference between the observed and projected levels. 

The share of tin-based cans and containers continues to 
decline as aluminum and plastics continue to displace tin in this 
important sector. Also, even in the cans that still use tin, since 
thinner tin coatings are being used, today’s cans are comprised 
of only about one-third of the amount of tin used in the cans in 
the early 1970s. In addition, perne plate, used in gas tanks, has 
been replaced by plastics and aluminum, and tin is also being 
replaced by epoxy resins in solder. 

While the use of substitute materials for tin in the above 
examples explain some of the difference between the projected 
and observed levels of global tin consumption, it would not be 
unreasonable to attribute the relatively low rate of growth— 
0.7% p.a.—in global tin consumption from 1970-2000 (see 
Table 6) to the relatively low rate of growth of global iron 
consumption (1.1% p.a.) over the 30-year time interval. This is 
the case because almost all tin is used in the steel sector; 
consequently the growth rate in steel consumption will 
determine, in large part, the growth rate of tin consumption. 

Not surprisingly, the three regions experiencing the highest 
annual growth rates in iron consumption over the last thirty 
years—OIL, ASC (China) and ASL (which includes India and 
most of south-east Asia)—also recorded the highest annual 
growth in tin consumption (see Table 6). 


Conclusions 
“The further backward you look, the further forward 


you can see.” 
(Winston Churchill) 
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This article began with a discussion of the need and 
justification for long-term projections of minerals. Changing 
living standards—more often than not rising over time, but, as 
some of the tables and figures in Section 4 display, some 
regions experienced declining per capita income as well— 
appear to be the most powerful force affecting the level of 
minerals consumption. In addition, a number of recent USGS 
studies (DeYoung and Menzie, 1999; Menzie et al., 2003, 
2004), argue convincingly that there is a strong link between 
changing income (and population) levels and changing demand 
for minerals on a country basis. 

The time frame of this study spans about three decades, 
ample time to double living standards even under conditions of 
normal growth, i.e. annual income growth of 2—3% p.a. If the 
relationship between income growth and minerals consump- 
tion were simply linear, an increase in mineral consumption 
would be observed concomitantly with income growth, both 
regionally and globally. However, neither the data presented in 
Section 5 nor the data presented in the above cited USGS 
studies suggest strict linearity. This study supports the 
conclusions of the USGS studies that growth in consumption 
of specific minerals is linked also to the stage of economic 
development. (See the regional variability in the growth rates 
of minerals consumption in Tables 6 and 7.) In hindsight, in 
light of the data presented in Section 4, the analysis in 
Section 5, and the above cited USGS studies, Tilton’s “hybrid 
U curve’ (see above) does seem to offer a much more 
comprehensive explanation of the driving forces behind 
minerals demand than Malenbaum’s ‘plain vanilla’ measure 
of a generation ago. 

Therefore, there must be other important factors affecting 
minerals demand besides income and per capita income. A 
more complete picture of the factors influencing the demand 
for minerals—as this study has argued, particularly in Section 
5—would also include the important role played by techno- 
logical change, both in the processing sectors (including 
recycling activities for the metallic minerals) and the end-using 
sectors, as well as the powerful changes exerted by 
environmental and other regulatory or policy directives on 
the minerals producing and consuming sectors. 

It is important to note that the picture that emerges from 
comparing the various sets of long-term global projections of 
these eight non-fuel minerals presented in Table 3 with the 
observed global consumption data in Tables 6 and 7 over the 
20-30 year intervals is entirely consistent with the picture that 
emerges when comparing the projections for 1980 and 2000 
made in the early 1960s by Hans Landsberg and his colleagues 
(Landsberg et al., 1963) with the observed consumption data 
for 1979 and 2000 as reported in Table 2. Clearly, despite a 
growing reserve base, the world is using resources more 
efficiently, and, as a result, any potential global scarcities are 
being deferred to the longer term. 

In conclusion, peering into the future from a lens firmly 
focused on the early 1980s, who, at that time, could have 
imagined—let alone predicted—the collapse of the Soviet 
empire less than a decade later, along with the dismantling of 
the Soviet Union itself a few years afterwards, with all the 


traumatic economic consequences that resulted in the 
immediate years following the political changes in these 
regions? Also, who would have predicted, at the beginning of 
the 1980s, that China, 20 years later (and more recently, India) 
would be transformed into the ‘world’s workshop’, fully 
integrated into the world economy, assuming such a critical 
position as a producer, importer and consumer of both non-fuel 
and fuel minerals at the beginning of the 21st century? 

Turning to product development and scientific advance, 
who can imagine undergoing surgery today without an MRI or 
working at an office desk without the humble, though 
indispensable, ‘post-it’ (both products of the 1970s)? How 
many of us (or, more precisely, our children) can get through 
the day without the use of a cellular phone or e-mail (both 
products of the 1980s)? Who knows the ultimate impact of two 
of the leading scientific breakthroughs of the 1990s—genetic 
cloning and the commercialization of fuel cells? All of these 
are examples of new products or processes that have become 
synonymous with a modern and rising standard of living. Yet 
none of them existed when the World Model was designed in 
the early 1970s. To be sure, these are some of the 
imponderables and pitfalls those engaged in long-term 
projections must contend with. 

Finally, to those who are skeptical of the usefulness of 
projections in general, and of long-term projections of minerals 
in particular, or, on the other hand, to those who are engaged in 
this very speculative enterprise, we should recall the wise 
words of Professor Leontief, as we mark the centenary of his 
birth this year. 


“Projecting economic growth of 16 regions over a period of 
60 years is bound to be a tour de force. It will hardly be 
necessary to wait for the year 2030 or 2000, or even 1990, to 
demonstrate that most of these figures fall very wide of the 
mark. The only justification for undertaking such a task is 
that carrying it out or just examining and criticizing some of 
its results might lead to a clearer perception of the 
dimension of the processes involved and, on the more 
practical side, of the nature of the problems that in one way 
or another will have to be solved” (Leontief and Sohn, 
1982). 


Technical notes 


It would not be an exaggeration to say that there have been 
a few changes in the world since the mid-1970s when the 
model of the world economy on which this study is based was 
completed. The consequences of some of these changes, quite 
naturally, extend to the World Model. For example, in the 
1970s, all the Central European countries in the then Soviet 
Union’s orbit (with the exception of Tito’s Yugoslavia) were 
represented by the region EEM in this model. By 1990 and the 
unification of Germany, national accounts data, e.g. popu- 
lation and GDP growth statistics, as well as energy and other 
minerals consumption data, were no longer reported separ- 
ately for East and West Germany. Needless to say, these and 
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other political realignments that have occurred during the 
1970-2000 interval have had to be accommodated in the 
presentation and analysis of data that is based on a country 
and regional classification scheme developed in, and for, 
another era. 

In addition, the presentation and analysis of the economic 
and minerals data in this report has maintained the same 
country classification for the region called RUH (Soviet Union) 
despite the momentous political changes in the now indepen- 
dent countries that comprise that region since the Soviet Union 
was dissolved in the early 1990s. 

Turning to the data, as anyone who works with minerals 
data is aware, the data—in particular, the consumption data— 
of the developing countries (and some of the developed 
countries, too) are both soft and slippery, especially the further 
back in time we go. 

There are also some ‘man-made’ anomalies. Though I refer 
to 1970 as the ‘base-year’ of the projections throughout the 
report, the minerals data were, in fact, from 1972. In addition, 
the regional and global production and consumption levels for 
1980 were actually from 1979 data, the last set of complete 
supply—demand balances that was available at the time the 
computations were made in July 1981. 

Not least, there are a number of instances—especially in the 
1970 numbers—where the data are, frankly, not credible. For 
example, the world total and some of the regional consumption 
levels for nickel—in particular for Canada (CAN) and 
Australia (which is the major constituent of OCH)—appear 
to be excessively high. For Canada, my suspicion is that when 
an upgrade of the World Model was carried out around 1980, 
which separated the United States and Canada that were 
represented as an aggregate region (North America) in the 
original classification scheme, the 1970 consumption data for 
Canada became a residual to insure a balance between the base- 
year’s world production and consumption totals. Because of 
the passage of time and the loss of the relevant documentation, 
unfortunately, I am unable to offer any further clarification on 
this problem. 

Regrettably, these ‘errors’ are not cost-less in terms of the 
analysis because excessively high base-year numbers will 
underestimate the ‘true’ annual rate of growth of consumption 
over a 30-year period of time for the region, and, for the world. 
In order to mitigate this problem I have also included similar 
calculations for a 20-year interval (1980-2000) alongside the 
30-year period (1970-2000) for most of the tables and figures 
in the paper since I have considerably more confidence in the 
1980 data, especially for Canada. 

No attempt was made to balance the 2000 observed global 
consumption and production data. In fact, in some cases, the 
consumption and production data have different sources. My 
primary objective in this study was to paint the larger picture of 
the changing structure of minerals production and consumption 
over the last 30 years, while, admittedly, conceding some 
precision with respect to the global and regional supply— 
demand balances. 

Finally, the description and analysis of the changes in the 
use of mercury over the 30-year period proved to be a unique 


challenge, and, as a result, was particularly interesting to sort 
out. Not only were there no consumption data available for 
the year 2000 (except for the US), there was also a large 
discrepancy between the level of world production of 
mercury in 2000 reported by the US Geological Survey 
and the data published by the World Bureau of Metal 
Statistics. Despite these impediments, with the support of 
mercury experts both at USGS and in industry, the ‘story’ 
that is woven about mercury over the 30-year period is as 
plausible, if not as complete, as that of the other seven 
minerals discussed in this study. 
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Region 


Country or territory 


Africa, arid (AAF) 


Asia, centrally planned (ASC) 


Asia, low-income (ASL) 


Canada (CAN) 


Asia, high-income (JAP) 
Latin America (LAL) 


Latin America, Medium-income (LAM) 


Oceania (OCH) 
Middle East-Africa (oil producers) (OIL) 


Soviet Union (RUH) 


Chad 

. Comoro Islands 

Egypt 

Ethiopia 

. Djibouti 

Israel 

Jordan 

. Lebanon 

Mali 

China 

. Democratic Kampuchea 
. Democratic People’s Republic of Korea 
. Afghanistan 

. Bangladesh 

. British Solomon Islands 
Brunei 

Bhutan 

Burma 

. Fiji Islands 

. Hong Kong 

9. India 

10. Indonesia 

11. Republic of Korea 

12. Laos 

13. Malaysia 

14. Maldives Islands 


OINAAR 


1. Canada 

1. Albania 

2. Bulgaria 

3. Czechoslovakia 

4. German Democratic Republic 
1. Japan 

1. Barbados 
2. Bolivia 
3. British Honduras 

4. Colombia 

5. Costa Rica 

6. Dominican Republic 
7. Ecuador 

8. El Salvador 

9. Fr. Guyana 

10. Guadeloupe 

11. Guatemala 

12. Guyana 

1. Argentina 

2. Bahamas 


Ww 


. Bermuda 
Brazil 
Chile 
Cuba 

. Australia 
Algeria 
Bahrain 

. Democratic Yemen 
Gabon 
Tran 

Traq 
Kuwait 


OE ROS ES Ons 


rN aU 


. Union of Soviet Socialist Republics 


10. Mauritania 

11. Morocco 

12. Niger 

13. Somalia 

14. Sudan 

15. Syrian Arab Republic 
16. Tunisia 

17. Upper Volta 

18. Western Sahara 

4. Democratic Republic of Vietnam 
5. Mongolia 


15. Macao 

16. Nepal 

17. New Hebrides 

18. Pacific Territories and Islands, n.e.c. 
19. Pakistan 

20. Papua New Guinea 

21. Philippines 

22. Republic of South Vietnam 
23. Sikkim 

24. Singapore 

25. Sri Lanka 

26. Taiwan 

27. Thailand 


5. Hungary 
6. Poland 
7. Romania 


2. Ryukyu Islands 
13. Haiti 

14. Honduras 

15. Jamaica 

16. Martinique 
17. Nicaragua 

18. Panama 

19. Paraguay 

20. Peru 

21. Surinam 

22. Trinidad and Tobago 
23. Venezuela 


7. Mexico 

8. St Lucia/Grenada/St., Vincent/Dominica/St., 
Kitts/Nevis/Anguilla/Netherlands/Antilles/ Turks 
and Caicos Islands/Montserrat 

9. Uruguay 


2. New Zealand 

8. Libyan Arab Republic 
9. Muscat/Trucial/Oman 

10. Nigeria 

11. Qatar 

12. Saudi Arabia 

13. United Arab Emirates 
14. Yemen 


(continued on next page) 
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Table Al (continued) 


Region Country or territory 
Southern Africa (SAF) 1. South Africa, including Namibia 
Africa, tropical (TAF) 1. Angola 17. Liberia 
2. Benin 18. Madagascar 
3. Botswana 19. Malawi 
4. Burundi 20. Mauritius 
5. Cameroon 21. Mozambique 
6. Cape Verde 22. Rwanda 
7. Central African Republic 23. Sao Tome and Principe 
8. Congo 24. Senegal 
9. Equatorial Guinea 25. Seychelles Islands 
10. Gambia 26. Sierra Leone 
11. Ghana 27. Zimbabwe 
12. Guinea 28. Swaziland 


13. Guinea-Bissau 
14. Ivory Coast 
15. Kenya 

16. Lesotho 


United States (USA) 


29. Togo 

30. United Republic of Tanzania 
31. Uganda 

32. Zaire 

33. Zambia 


1. United States of America, including Puerto 


Rico, The Canal Zone, and US Virgin Islands 


1. Andorra 
2. Austria 
3. Belgium 


Western Europe, high income (WEH) 


10. Ireland 
11. Italy 
12. Luxembourg 


. Denmark, including Greenland 13. Netherlands 


4 
5. Faeroe Islands 
6. Finland 
7. France 
8 


14. Norway 
15. Sweden 
16. Switzerland 


. Germany, Federal Republic of 17. United Kingdom of Great Britain and 


. Iceland 


Western Europe, medium-income (WEM) Cyprus 
. Gibraltar 
. Greece 


. Malta 


AwWNe © 


Source: Leontief et al. (1983). 


I also express my gratitude to the industry and academic 
experts who were so generous with their time and expertise— 
particularly with the information they provided that was used in 
Section 5. They include: (in industry) William T. Black, Vice 
President, Copper Development Association; Arthur 
E. Dungan, Vice President, The Chlorine Institute; Paul 
E. Fixen, Senior Vice President, Potash and Phosphate 
Institute; William Heenan, President, Steel Recycling Institute; 
Lawrence W. Kavanagh, Vice President, American Iron and 
Steel Institute; Ron Krupitzer, Senior Director, American Iron 
and Steel Industry; Bruce McKean, Director, The Nickel 
Institute; and in academia Thomas E. Graedel and Barbara 
Reck, both at the School of Forestry and Environmental 
Studies at Yale University. Finally, I thank Yakov Amihud of 
New York University, who provided some very valuable 
suggestions after reading a final draft of the paper. 

At my own University, Iam indebted to my colleague, Mark 
Chopping, for creating the maps that appear as Figs. | and 2. I 
have nothing but praise for Rejina Sharma, who had to contend 
with—almost on a daily basis—an incoherent and illegible 
manuscript, and with her great skill and perseverance produced 


Northern. Ireland (including the Channel Islands 
and Isle of Man) 


5. Portugal 

6. Spain 

7. Turkey 

8. Yugoslavia 


a coherent and readable final draft of the study. I am also 
grateful to Pinar Gungor for her great help in efficiently 
organizing all of the data that eventually evolved into the tables 
that constitute the supplementary data. 

Closer to home, I owe a huge, and probably unpayable, debt 
to Claudia Binaghi, who forged and refined all the neat and 
clean tables and figures that appear in the main part of the study 
from very low grade raw material, and confronted—when 
needed (which was very often)—a very stubborn author who 
had his own—usually misguided—ideas about the shape and 
form they should take. She was also responsible for creating the 
crisp, efficient and attractive power point presentation slides. 
Finally, I acknowledge Montclair State University for 
approving my Sabbatical leave request. 


Supplementary data 
Supplementary data associated with this article can be 


found, in the online version, at doi:10.1016/j.resourpol.2006. 
03.002 
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Table A2 
Aggregated regional classification* 


Developed countries 
A. United States (USA) 
B. Other ‘OECD’? countries 
1. Western Europe (high-income) 
(WEH) 
2. Western Europe (medium- 
income) (WEM) 
3. Japan (JAP) 
4. Oceania (OCH) 
5. Africa (medium-income) (SAF) 
6. Canada (CAN) 
C. Developed centrally planned 
countries 
1. Soviet Union (RUH) 
2. Eastern Europe (EEM) 
Developing: Group I 
1. Latin America (low income) 
(LAL) 
2. Middle East-Africa (OIL) 
3. Africa (tropical) (TAF) 
Developing: Group II 
1. Africa (arid) (AAF) 
2. Asia (low-income) (ASL) 
3. Asia (centrally planned) (ASC) 
4. Latin America (medium- 
income) (LAM) 


Source: Leontief et al. (1983). 

* A complete listing of the countries which comprise the sixteen aggregated 
regions appears as Table Al. 

> Due to the way in which the country and regional aggregations were 
performed the other ‘OECD’ group includes some countries which are not 
members of OECD such as, for example, South Africa and Yugoslavia. 


Appendix A 


Country and Regional Classification Schemes for the World 
Model. 

Regional Production and Consumption Levels: 1970-2000. 

The Changing Regional Shares of Global Production and 
Consumption: 1970 and 2000 (Tables Al and A2). 
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